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OBJECT VES 
CHAPTER 1 
I TRODUCTIO 
This is essential! a whole-rock U~Th-Pb isotopic 
study directed towards the origin of the Pb ore deposit 
at Mount Isa, Queensland. The specific objectives of 
the study are: 
1. to master the technique for U-Th-Pb isotope 
dilution analysis of whole-rock samples, and 
to test he~he r or not a selected suite of 
geologically related samples could be suitable 
for a U-Th-Pb isochron studyo 
2o to utilize the extrapolated initial ratios, 
obtained from isochrons for rock units 
surrounding the Mount Isa Pb ore deposit, to 
provide additional evidence for the origin of 
the deposit. 
These objectives are more fully discussed below. 
The method of isotope dilution analysis has been 
applied in this studyo Rubidium- st ontium whole-rock 
isotope dilution investigations ha e become a standard 
routine in m ny labo atories , but as yet, the analogous 
study of -Th Pb sys ems has been virtually neglected. 
Such neglect has n ot been ithout reason. The procedural 
difficulties and uncertaint ies are many and the time 
in olved per analysis is lengthyo Only recently have the 
2 
refinements in mass spectrometry permitted accurate 
analysis of t he smal qu ntities contained in common 
rocks . Howe e ~ t he t h re e isotopic sys tems 0 u2 38 - Pb 206 , 
u2 35 - Pb 2 07 and Th2 32 = Pb 208 ~ s tudied in natural rock 
can give much information concerning geochronology 9 
isotope geochemistry and possible crus tal and mantle 
processeso ~hus 9 there is great incentive to continually 
improve pr esent ana lytical techniqueso Certainly 9 the 
near future should see further deve lo pment and expansion 
of whole ~rock U-Th- Pb investigationso 
Also included in this study are the results of 
whole-rock analyses for Rb and Sr isotopes and for 
selected major and trace elements. These data provide 
a udimen ary geochemi cal background against which the 
U-Th-Pb results a e evalua ed and interpretedo Valuable, 
independent inform ti on has been derived from the Rb-Sr 
iso opic studyo 
PREVIOUS WHOLE-ROCK STUDIES 
Tilton et al (1955) initiated whole-rock isotope 
dilution analysis for U~ Th and Pb. A whole-rock 
specimen o granite and separated minerals were analyzed, 
giving detailed resu ts on the distribution of U, -Th and 
Pho The tudy was definitive in evolving the basic 
analytical techniques used in present-day work, including 
this thesi ., 
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From the time of that study until 1965, whole-rock 
analysis for these e ements wa neglected$ The understanding 
of isotope geochemistry more recently engendered by Rb-Sr 
and K Ar investigations~ was under-developed 9 and the 
analytical hardships were t o o great to elicit much 
enthusiasm fo such a studyo In tead 1 Pb=isotope studies 
of rock m tter; potash fe dspars 9 pe_lagic sediments~ 
manganese nodules , etc., , were favouredo Representative 
sampling of the isotopes without complete extraction of 
Pb presents little problem in that type of study. The 
analysis of young basic volcanics is of whole-rock concern, 
but again , it is the Pb-isotope composition that has been 
of prime interesto 
Although potash feldspar is an integral part of rock 
systems, there is no guarantee that Pb in the feldspar 
represents rock Pb that has developed in a closed system., 
Studies of Sr-isotopes (Lanphere et al , 1964; Arriens 
et al, 1966) illus rate that radiogenic Sr can be 
redistributed even within closed whole-rock systems 9 in 
re ponse o external processes . I Pb-isotopes have been 
redist ibuted in a rock 9 the practice of subtracting 
radiogenic Pb from feldspar Pb~ according to the U content 
of the feldspar and the age of the rock, cannot obtain a 
valid initial Pb-isotope composition for the rock system. 
The difference may be slight particularly for younger 
rocks 9 but could become considerable in older rocks, in 
which the amount of radiogenic Pb is increased . For 
example, if the initial ratios of a rock system are to be 
compared (for the purpose of possible genetic 
relationship) with the isotopic composition of nearby ore 
Pb (e.g. Doe, 1962) then the isotopic aberration of the 
feldspar Pb caused by redistribution could be significant . 
In 1965, Zartman published U-Pb isotopic analyses for 
six whole-rock samples from the Llano Uplift , Texas. This 
was the first study of a rock unit with regard to its 
possible age gi en by U~Pb isotopic systems . Ulrych and 
Reynolds (1966) displayed the results more appropriately 
using a icolaysen isochron diagr m (see p .18 ) . The 
isochrons derived or the Pb 206 - u2 38 and the Pb 2 07 -
2 35 systems ga e ages that were remarkably concordant 
wi h the pre iously determined whole-rock Rb-Sr age . 
Thus, it has already been demonstrated that it is possible 
to utilize the natural whole-rock U-Pb system for 
geochronology. 
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There are several advantages to studying U-Pb 
whole-rock systems. First the results can provide an 
independent estimate of the age of the rock systems Any 
real discrepancy between U-Pb and Rb-Sr systems (or even 
Th-Pb system) could give additional information concerning 
the behaviour of each system in response to metamorphism 
or O her influenceso Secondly the U-Pb system has an 
internal control in the constant u2 38 - u2 35 ratio. 
relative agreement or disagreement between the two U 
isotopic systems permits a critical evaluation of the 
Thus, 
results. Thirdly 9 the extrapolated initial ratios for 
a rock unit may give evidence for possible relationships 
with other unitso Also, the initial isotopic composition 
of that unit can be viewed with respect to the earth 
system Pb-isotopes as a wholeo In the words of Tilton 
et a 1 (19 5 5) 9 
A co-ordinated study of uranium , thorium~ 
and lead in a v ariety of igneous and sedimentary 
rocks by the same methods will permit conclusions 
concerning the past history of these elements in 
geochemical cycles and possible magmatic 
fractionations which have taken place in the 
earth's cruste 
A complete analysis o radiogenic stable Pb-isotopes and 
the corresponding parent isotopes, is obtained by 
including the Th-Pb s stem. Thus, in the present study, 
all three systems have been co-analyzed~ 
5 
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There a re a numb er of differences between the Rb-Sr 
and he U-Th-Pb sys t em 9 which influence whole-rock study . 
Rb and rare much more abundant on the average, and are 
relatively easy to process analytically . Geochemically, 
Rb and Sr are much mor e coherent with major elements in 
the common rock-forming minerals (especially in feldspars 
and micas) than are U Th or Pb . Parent and daughter 
isotopes are much more fractionated between minerals in 
the U-Th-Pb system . Whereas Pb is admitted into 
feldspars ( p articularly K-feldspar) , with virtual exclusion 
of U and Th, the latter are found in accessory minerals 
(zircon sphene, etc . ) which do not initially accept Pbo 
This fractionation is a drawback in two ways : 
1 . Representative sampling is difficult because of 
possible mechanical redistribution of accessory 
minerals (which have high specific gravities) 
in the powdered rock sample . 
2 . With regard to mineral isochrons, only extremes 
in U- Pb and Th-Pb ratios are available; extremely 
high ratios in accessory minerals (if any initial 
common Pb is present), and very low ratios in 
feldspars . Compounded with this is the Pb-loss 
discordance frequently observed in accessory 
minerals. Radiogenic Pb eliminated from the 
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latter 1s le in grain boundary pos i tions, and 
may no be appreciably incorporated into other 
mineralso Thus a meaningful mineral isochron 
may only be ob t a i nable in rare , ideal 
circumstance s . 
~eochemical incoherence of and Th in silicate rocks 
pla ces those element s in loosely-bound positions (along 
grain boundaries, etc . ) where they are susceptible to 
easy mobilizationo Thus, open system behaviour could be 
effected more easily than for the Rb-Sr system . Also, 
loss of Rn (one of the intermediate radiogenic products 
in each of the U and Th systems) would produce an open 
system ~ It is improbable that a significant proportion of 
Rn is lost from the u235 and Th232 systems because of the 
shot half - lives (<1 min . ) . However, Rn 22 2 in the u2 3 8 
system, h s J . 8 day half- life, sufficient perhaps to 
permit dif u s ion of the gas away from its site of 
genera ion. R don is released from U ore at the earth's 
surface, but whether or not it escapes from U dispersed 
in confined rocks stems at depth remains to be discovered. 
In this respect a whole - rock Pb 207 - u2 35 isochron would, 
in heory, provide a more reliable result and could 
illuminate a Rn- loss pattern (Kulp et al, 1954) in the 
206 parallel Pb - 238 isochron. In practice, it must be 
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realized that Pb 207 - u2 3 5 ratios are subject to much greater 
analytical uncertaintyo The proportional radiogenic increase 
of Pb 207 is small in common rocks, and is, thus, sensitive 
to slight erroro 
A further distinction between Rb-Sr and U-Th-Pb 
systems is that common Sr comprises more than one non-
radiogenic isotopeQ Those isotopes have a constant 
proportion in nature, thus enabling a correction 
(normalization) to be made for any fractionation of the 
isotopes incurred during analysis. Common Pb isotopic 
measurements cannot be normali~ed and must be corrected 
for fractionation by less simple 9 indirect means , which 
are more susceptible (see Chapter 4) to accidental error. 
The double-spike technique (Richards, personal communication; 
Compston and Oversby, 1968) is designed to correct for 
fractionationo The triple-filament technique of Catanzaro 
(1967) minimizes fractionation for large samples. 
MOUNT ISA ORE LEAD 
The Mount Isa Pb-Zn ore bodies are currently favoured 
to be syngenetic. The deposits are stratiform, exhibiting 
excellent examples of continuous, finely-interbedded 
sulphides and shale. Accordingly, it is thought that the 
sulphide minerals were deposited synchronously with marine 
sedimentation of vole nic-derived shale 9 and that the 
sulphides were subsequently remobilized in response to 
ectonismo 
Th Pb - i otopic composition 9 the association with 
volcanic material and the sedimentary stratiform nature 
9 
of he deposit led Stanton and Russell (1959) to propose 
that the Mount Isa ore Pb belongs to a class of conformable 
Pb ore deposits now termed 'primary' o They suggested that 
the Pb in these deposits was derived through volcanism, 
from the lower crust or upper mantleo The source was 
envisaged to be homogeneous on a world-wide scale in the 
distribution o U Th and Pb and in Pb-isotope composition. 
Furthermore, the source was considered to have existed as 
a virtually closed system, whereby any transfer of U, Th 
and/or Pb to the crust, or upper crust 9 was insignificant 
compared with the bulk of the reservoir. Accordingly 1 
Pb ansfe red to the uppe crust with no appreciable 
contamination by, or subsequent addition of crustal Pb, 
h s retained the isotopic character of ' primary', deep 
crustal or mantle Pbo 
On this model , then, primary Pb is identifiable with 
that composition of Pb sampled at any time from an unaltered 
source in which the U/Pb and Th/Pb ratios are constant 
over all time, apart from radioactive decay. A single 
10 
curve (the 'primary growth curve ' ) describing the secular 
increase in radiogenic Pb in the source, passes close to 
the isotopic values determined for a number of conformable 
ore depositso The curve empirically defines a present-day 
u2 38 /Pb 2 04 ratio of about 9 o0 for the source. 
With more precise analyses, some of the previously 
selected primary leads were seen to plot significantly 
above or below the growth curve (e . g. Richards, 1968). 
Mount Isa ore Pb is one of these . For the growth curve 
that is defined as passing through the average Broken Hill 
value 1 the Mount Isa value plots slightly above the upper 
95 per cent confidence limit (given by Kanasewich, 196 2 ) 
of the curveo This apparent deviation of an otherwise 
geologically well-chosen 'primary' ore deposit is 
intriguingo Recent U-Th-Pb investigations of mantle-
derived material -- young basic volcanics -- provide 
evidence for a heterogeneous mant le (Tatsumo t o, 1966; 
Cooper and Richards 9 1966). Thus , the single - stage model 
proposed by Stanton and Russell may be inappropriate. 
A whole - rock study centred on the regi on of Mount Isa 
was elected for several reasons. First , the relatively 
low gr de of metamorphism appeared amenable to tes t ing the 
U-Th-Pb isochron method. Secondly, the compari son of 
initial ratios derived for various proximal rock units 
could provide comparative evidence either for or against 
association with the ore Pb. Thirdly, re-examination of 
11 
the ore Pb in the light of the surrounding U-Th-Pb systems 
could suggest a possible explanation as to why the ore Pb 
plots significantly above the growth curve~ 
THEORY 
Lead Isotopes 
The systematics of Pb-isotopes are briefly explained 
here~ they are more fully discussed by Russell and 
Farquhar (1960a)o 
h . t Pb206 Te iso opes , Pb 207 and Pb 208 are produced by 
decay of u 238 , u 2 35 and Th2J2' t. 1 respec 1ve y 1 
the following schematic equations: 
u238 
u235 
> 
> 
) 
Pb206 
Pb207 
Pb208 
+ 8He4 + 
+ 7He4 + 
+ 6He4 + 
energy 
energy 
energy 
as seen in 
The decay constants for each parent are taken as reported 
by Stieff et al (1959), where 
A(U2J8) lo5J7 -10 -1 = X 10 yr abbreviated 
(u235) 9.722 -10 - 1 = X 10 yr II 
"- (Th232) 00488 X -10 -1 = 10 yr " A'.' 
If is the decay constant for a particular isotope 
and d is the number of nuclei of a total, N 9 which decay 
in a shor time, dt, the relationship 
12 
d Ndt • • • (1) 
is given by the law o radioactive decayo In contrast to 
the definition normally given, the positive dependence on 
d dt upon t arises because geological time is customarily 
measured backwards. Derived from (1), the integral 
equation 
N e 
0 • • 
• 
(2) 
predicts the number of atoms, N, remaining after a time 
In practice, 
it is convenient to express Nin terms of the present-day 
abundance of parent. Since the number of atoms of 
radiogenic daughter produced between t 1 and t 2 is (N - N) , 0 
the amount of daughter added to a system between t 1 and t 2 
is rela ed to the amount of parent in the system by the 
equ tion, 
(e 
tl /\. t 2 (J) D D + - e . ) • • • 0 
here N is the number of atoms of parent at t = present-day 
D is the number of 
0 
atoms of daughter-type at tl 
D is the number of atoms of daughter at t 2 
Dividing b a non-radiogenic iso ope, termed the reference 
isotope (abundances), gives the equation 
::. 
s s 
N 
+ s • 
13 
• • ( 4) 
Of the four stable Pb-isotopes (masses 204, 206, 207, 
208), only Pb 2 04 is no t produced by radioactive decay. 
The secular addition of radiogenic Pb in any system can 
thus be monitored by comparison of each of the radiogenic 
isotopes with Pb 204 1 the reference isotope. 
Since the time of formation of the earth, U and Th 
have decayed to produce radiogenic Pb. Addition of 
radiogenic Pb has altered the initial Pb-isotope composition 
of the eartho Thus, any terrestrial Pb records the 
proportion of radiogenic Pb added since the earth's time 
of formation, t 0 
0 
With no obtainable sample of such initia l 
terrestrial Pb, the values derived from Pb in iron meteorites 
are assumed to represent the initial ratios (which are · 
further assumed to have been homogeneous) of the earth. 
This assumption is not discussed further here . In this 
study, the composition of initial, or 'primeval' Pb is thus 
taken to be, 
a 
0 
9056 (Murthy and Patterson, 
b = 10 .. 42 ( 
0 " 
1962) 
) 
c - 30.00 (Kanasewich and Farquhar, 1965) 
0 
where a , b and c represent the primeval ratios of 
0 0 0 
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206/204, 207/204 and 2 08/204, respectively. Likewise, the 
age of the meteoritic isochron, 4.55 x 109 yr (Patterson, 
is assumed to represent t o 
0 
At any time (t), Pb which has developed in the 
single-stage or primary (seep. 9) earth system has a 
206/204 (x) value given by the equation, 
At 
x - a + µ(e 0 
0 
At 
- e ) • • • ( 5) 
whereµ is the present-day u238 /Pb 204 ratio for the system. 
The ratio u238 / u 23 5 (a), which is uniform at any time in 
natural U has a present-day value of 137.8 (see Rankama, 
1963, p.562). Thus, the above Pb has a 207 / 204 (y) v alue 
given by , 
y = b 
0 
A' t 
+ _g(e o 
a 
A't 
- e ) 
Similarly, the 208/204 (z) value is given by, 
z = 
A'' t 
C + y (e O 
0 
A" t 
- e ) 
• 0 • 
0 • • 
where y is the present-day Th232/Pb 204 ratio for the 
system. The valuesµ= 8.99 and y = 35.55 (Kanasewich 
( 6) 
( 7) 
and Farquhar , 1965) are used in this study , for the primary 
growth cur es. 
Equations 5, 6 and 7 thus represent the parametric 
equations for a primary growth curve, for which µ and y 
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are constant. The equations can be used to give meaningful 
'model- ages' for any Pb sample, provided thatµ and y are 
known, and that the sample is a primary Pb. 
The div ision of equation 6 by equation 5 eliminates 
µ , and gives the Holmes -Houtermans equation, 
y - b 
0 
X - a 
0 
= 
1 
ex 
0 
e 
~t 
0 
A.'t 
- e-
e - e 
• • (8) 
which is the equation of a straight line in the form, Y - b 
X 
m. For any t, primary Pb samples which have developed in 
a variable-µ system should lie along a straight line 
'is ochron' o Thus, for a primary Pb sample, a model-age is 
calculable without knowing the µ-value of the system in 
which the sample developed. 
For leads that have developed in two or more stages, 
the general expression for the development of x., the 
l 
observed 206/204 ratio, is given (Kanasewich and Farquhar, 
196~, PoJ67) as: 
x. = a + 
l 0 
0 • C> ( 9) 
where mis the number of different U stages in which x. 
l 
has developed, andµ . is constant over each discrete 
l 
interval of time. imilar equations may be written for 
y. and z . . 
l l 
Kanasewich and Farquhar caution (p.J67) that, 
although there are several iso opic criteria for judging 
the app opriateness o a single-stage model lead age, 
no nfallible geologic criteria have been 
found f ' o ·ndependently distinguishing ordinary 
or single-stage leads from those which were 
produced in two or more distinct lead-uranium-
thorium sy terns . 
or c ustal rock leads, two-stage development, at 
least, is obviou from geological criteria alone . Any 
crustal system has been derived from a prior stage of 
sub-crus al development . In addition, much of the crust 
has endured a mul i-stage crustal history (see, for 
example, Shaw, 19)7) . Crustal development of U-Th-Pb 
systems is reviewed in a later chapter. The last stage 
ma be treated separately with a model of single-stage 
form. If a crustal rock unit (e . g . a granite pluton) 
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had a homogeneous initial Pb-isotope composition and has 
remained a closed system from t, the time of crystallization, 
to present-day, any observed x and y should fall on an 
ochron hich passes through the initial ra ios (yI' xI) . 
h values (y ) spread linearly away from the initial 
ra io acco ding to the particularµ environment in which 
ach de eloped . The slope of the isochron is proportional 
o he age o the oc unit . 
1 ith regard to terminology Pb-isotopes can then be 
classified in o o t pes ; single-stage, and multi-stage . 
As implied 9 single- tage leads have developed, each in a 
single, constant-µ environment since t 0 
0 
These are here, 
termed primary. Likewise~ multi-stage leads have 
developed in two or more different-µ environmentse The 
term anomalous refers to those samples (usually Pb-rich, 
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U, Th-poor, such as galenas) for which single-stage model 
ages are inconsistent with the geological age of the 
enclosing rock. Kanasewich (1962) contributed greatly to 
the under tanding and possible interpretations of anomalous 
leads, showing that they were products of multi-stage 
development o For rock leads, only the initial isotopic 
composition for any rock system c n be described in terms 
of 'primary' or 'anomalous' o Subsequent addition of Pb 
due o the decay of U and Th can only be termed radiogenic. 
The Whole-Rock Method 
Except for Pb-isotope systematics, isotope geochronology 
is based on observed ratios of daughter~parent in radioactive 
systems. Reiterating, for any system that has remained 
closed, if the decay constant is known, and the atomic 
proportions of radiogenic daughter and parent are measured, 
then the ime taken to produce that proportion of daughter 
product can be calculated. Thus, a mineral that incorporates 
a radioacti e element into its structure at the time of 
cry tallization, irtually excluding the corresponding 
daughter product, is useful for dating the time of 
crystallization both of that mineral, and frequently, of 
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the enclosing rocko Numerous age-determinations have been 
made, for example, on zircons (U-Pb, Th-Pb systems) and 
micas (Rb-Sr, K-Ar systems) . 
Similarly, for any whole-rock system that has remained 
closed, if the atomic proportions of parent and radiogenic 
daughter, produced since formation of the rock, can be 
measured, then the time of formation of the rock can be 
calculatedo The assumption of closed system behaviour 
practically restricts such age-determinations to igneous 
rocks (authigenic sediments are an exception) whereby the 
'date' is given as the time of crystallization. The 
essential difference between mineral (as described) and 
whole-rock systems is that the latter initially contains 
a quantity of daughter product (Ar is a special case) which 
is not directly measurable. That is, radiogenic daughter 
is indistinguishable from initial daughter. Generally, 
the initial amount of daughter far exceeds the radiogenic 
additiono 
icolaysen (1961) designed a diagram (Nicolaysen plot) 
to illustrate the evolution of radiogenic Sr in a suite of 
co-genetic rocks (i.e. petrologically related rocks that 
formed at the same time, bearing the same initial isotopic 
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proportion of daughter). As Nicolaysen suggested (p.205), 
the diagram is equally appropriate for U-Pb studies . A 
generalized example, shown in Figure 1, is a plot of 
daugh er / reference isotope (D/S) versus parent /reference 
isotope ( /s) . On such a plot, analyses of co-genetic 
rocks should lie on a straight line, an isochron which, 
extrapolated to they-intercept, gives the initial ratio. 
From equation (4), it is seen that the slope of the line 
tl \t2 
is given as (e - e ) for constant t 1 , t 2 • Where 
tl 
t 2 is present-day, the slope is (e - l)e 
ince every atom of N decays to an atom of D, 
d(D/S) = -d(N/ S) 
and 
~=-1 • • • (10) 
Thus 1 as decays to D, the development of radiogenic D 
w· h time is seen (Figure .1) to move along a straight 
line trajectory of slope= -1 (Lanphere et al 9 1964, p . 281) . 
The foregoing applies to closed systems. It assumes 
also that t 1 and t 2 are instantaneous and identical for 
all parts of the system. For many rock s y stems it is a 
good approximation. That is, although t 1 ma y actually be 
an in erval of time over which the rock was formed, the 
in erval is usually irresolvably small in proport ion to 
the age of the rock. In systems that have been open to 
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Figure 1. A generalized "Nicolaysen plot" of daughter / reference 
isotope (D/S ) versus parent / reference isotope (N/S ) , For the 
time interval t to present -da y the values (D /S , N/S ) 
evolve to the ~¥lues (n/s , N/S ). The slope of the resulting 
isochron is (e - 1). 
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exchange or net trans e of constituents, the relationships 
gi en b equat · on 4) are invalidated . However, examination 
o perturbati ons in a related series of isotopic systems 
my pro ide information concerning the possible processes 
that have in luenced the total system (Riley and Compston, 
1962 ; Wasserburg et al, 1964 ; Arriens e t al; 1966) . 
The terms stem bears a two-fold connotation e Strictly, 
it is the isotopic parent-daughter system that is examined. 
However, that system is housed in rock matter, so that 
whate er has influenced the system, has done so with 
respect to the housing. In this way, the dimensions of 
the housing must be realized in any examination of the 
isotopic systemo A whole-rock system may have remained 
closed to any transfer of constituents -- or -- it may 
possibly behave as a closed system with respect to some 
constituents 9 and not others . For example, Lanphere et al 
(1964) have demonstrated that in a closed whole-rock 
system, redistribution of constituents can occur between 
the various mineral systems . They have also demonstrated 
that, although 100 to 1,000 gm specimens are most commonly 
considered to be adequately representative samples, a 
whole-rock sample of even 85 kgm behaved as an open system. 
It is the hope of investigators that the whole-rock 
systems be closedo In Rb-Sr studies, such is apparently 
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the case or mot, care ully chosen, samples . 
CONTEN OF 
The allowing summarizes the remaining content of the 
thesis. Chapter 2 des ribes the geology in the region of 
Mount Isa. The general stratigraphy is given and the 
petrologic charac er o the rock units, sampled for this 
tud, 1 discussedo Evidence bearing on the possible 
origin of the Mount Isa Pb-Zn ore bodies is reviewedo 
ample descriptions are included in the Appendix . 
Chap e 3 ou lines the analytical methods, and 
Ch p e p esen s the results. Chapter 5 gives geochemic 1 
d a for the e eral rock units. The data are intended to 
illustrate, reconnaissance-wise, the chemical character of 
the units. 
Chap er 6 presents the whole-rock analyses for Rb-Sr 
and -Th-Pb s stems o The results of previous investigations 
are discussed, followed by the present resultso Most of the 
-Th-Pb data are supported by corresponding Rb-Sr resultso 
hapter 7 presents Pb-isotope results for each rock 
unit, showing the distribution of analyses with respect 
o 1oun Isa ore Pb nd the 'primary growth curve'. The 
ini i 1 Pb ratio der1 ed for each unit (from the whole-
roe · sochrons) are likewise collectively presented and 
di cussedo 
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Chapter 8 is a summary which includes recommendations 
or fu ther research o 
REGIO AL GEOLOGY 
Introduction 
HAPTER 2 
GEOLOGY 
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The Mount Isa region is situated within the Precambrian 
bet of north-western Queensland . Carter et al (1961) 
published the regional geology of the Precambrian belt in 
Australian Bureau of Mineral Resources Bulletin, No.51 . 
The Bulletin is strictly a geological reconnaissance but 
it is the prime reference for the general geology of the 
Mount Isa region . 
The area o the Precambrian belt is shown in Figure 
2 . Only he western part of the belt, centred about 
Mount Isa , directly concerns this study. Forthcoming 
geologic description is restricted to the lower 
Proterozoic rocks that crop out within the region of Mount 
sa. A generalized geologic map (Plate 1) shows the areal 
distribution of rock units in the Mount Isa region. The 
map was composed from four adjoining 4-mile sheets 
published in the Bulletin : Mount Isa , Cloncurry , Urandangi 
and Duchess . The general distribution of rock units is 
shown, whereb ime - equivalent units are denoted by the 
same pat ern of shading. For greater detail the reader 
0 miles 120 
Gulf of 
Carpentaria 
. 
Burketown 
• 
• Townsville 
Old. 
• Brisbane 
limits of 
outcropping 
Precambrian 
area of 
Plate 
Figure 2 . Location map showing the limits 01 the Precambrian 
belt 01 north-western Queensland . 
is re e red to the map published by Bennett (1965) which 
hos the l ocal Mount lsa geology on a scale o f 1 inch 
= 1 mile . 
Figure 3 is a schematic representation of the 
stratigraphy based roughly on an east-west cross-section 
passing through Mount Isa . The relative thickness of 
units is drawn approximately to scale . The principal 
stratigraphic elements are : 
1 . Ba ement - moderate to high-grade metamorphic 
rocks of the Yaringa, Leichhardt and Argylla 
units . 
2 . Geosynclinal pile - low-grade metam orphic rocks 
of the Mount Guide, Eastern Creek 9 Myally, 
Ju enan, 
un · ts . 
urprise Creek, Mount Isa and Mingera 
J . Granitic complexes - Sybella Granite on the 
west and Kalkadoon Granite on the east. The 
schematic shows that both plutons are composed 
o se eral phases (referred to later in the 
text) . tis intended neither to resolve the 
total of intrusive phases nor their time or 
s ratigraphic relationships . This information 
is largely unknown . 
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tratigraphy 
A brie description of each unit (taken from Bulletin 
51) s given as follo s : 
1 . Leichhardt Metamorphics (thickness : unknown) 
The Leichhardt Me amorph ics are composed of moderate 
to highly metamorphosed dacitic to rhyolitic lavas, with 
some metasedimen and metabasalts . The lavas have been 
recry t llized migmatized and granitized . Associated 
metamorphics include migmatite , gneiss, mica schist , 
quartzite, calc-silicate rocks , h ornblende schists and 
amphibolites . The unit is overlain conformably by the 
Argylla ormation, disconformably by the Mount Guide 
Quartzite, and unconformably by the Surprise Creek Bedso 
The Leichhardt Met a morphics is the lowest unit in the 
Lower Pro erozoic succession o 
2 . Yaringa Metamorphics (thickness : unknown) 
The aringa Metamorphics are dominantly migmatite, 
gneiss, mica schis and quartz-mica schist . Some 
quartzite and schis ose conglomerate are recorded . Basic 
gneou rocks probably intrude the metamorphics . Carter 
et al 1961) have assigned an Archaean age to the unit 
on very li tle evidence . The Yaringa Metamorphics could 
be equivalent to he Leichhardt Metamorphics . 
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J. Argylla Formation (thickness: 10,000 ? feet) 
The Argylla Formation is composed of metarhyolite and 
metadacite with smaller amounts of metabasalt, tuff and 
agglomerate: quartzite, arkose, calc-silicate rocks, 
conglomerate, slate schist and gneiss. The grade and type 
of metamorphism differs considerably from place to place. 
The formation is overlain disconformably by the Mount 
Guide Quartzite and the Eastern Creek Volcanics, and 
unconformably by the Myally Beds and Surprise Creek Beds. 
4. Mount Guide Quartzite (thickness: 4,000 to 8,000+ 
feet) 
The Mount Guide formation is composed of quartzite 
(feldspathic in part), arkose, conglomerate and metabasalt. 
East of Mount Isa, at the base of the Eastern Creek 
Volcanics, the quartzite is fairly pure and is well-sorted, 
indicative of a fairly mature sandstone. Ripple marks 
are common. The Eastern Creek Volcanics conformably 
overlie the Mount Guide Quartzite. 
5. Eastern Creek Volcanics (thickness: 20,000? feet) 
The unit is composed essentially of interbedded 
metabasalt and metasediment. The latter comprises 
quartzite, greywacke, tuffaceous sandstone and slate. The 
Lena Quartzite is a thick sedimentary member of the 
formationo The section east of Mount Isa on the Mount 
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Isa-Cloncurry road ha been chosen as the type section 
(carter et al, 1961) . The unit is overlain by Judenan 
Beds, Myally Beds, Surprise Creek Beds and Mount Isa Shale, 
unconformably in places and conformably elsewhere. 
6 . Myally Beds (thickness: 20,000+ feet) 
The Myally Beds are composed essentially of medium-
to coarse-grained sandstone with conglomeratic beds near 
the baseo Siltstone, argillaceous sandstone and shale 
are locally important . Considerably north of Mount Isa 
several hundred feet of volcanics, both basic and acid, 
form the top of the Myally Beds. That is, they occur 
between the top of the elastic Myally sequence and the base 
o the Ploughed Mountain Beds (equivalent to Surprise Creek 
Beds). The Myally Beds are overlain conformably by the 
Surprise Creek Beds and disconformably by the Mount Isa 
Sha le . 
7. Judenan Reds (thickness: 6,000+ feet) 
The Judenan and Myally Beds are more or less 
contemporaneous . (They are equivalent according to 
C. W. Wilson, personal communication.) The Judenan Beds 
have a similar lithology, including volcanics near the 
top of the section o In general, the sediments are 
finer-grained , less well-sorted, less well-bedded and 
more arg " llaceous than hose of the Myally Beds . This 
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unit is con ormably overlain by the Mingera Beds . 
8 . Surprise Creek Beds (thickness : 20 , 000? feet) 
he Surprise Creek Beds are characterized by 
interbedded, impure arenaceous and argillaceous lithology o 
The unit is, i n part , penecontempora neous with the Mount 
s a h a le a nd Mingera Beds . 
9 . Mingera Beds (thickness : 5,000? feet) 
The Mingera Beds are composed of lower, co a rse 
olastic beds ; conglomerate , feldspathic sandstone and 
quartzite, which are overlain by siltstone and shale . 
The unit is penecontemporaneous with Mount Isa Shale . 
10 . Mount Isa Shale (thickness : 10 , 000+ feet) 
The Mount Isa Shale is composed of thin- bedded 
carbonaceou shale , dolomitic shale , siltstone and 
sandstone . Thin tu faceous beds are locally notable . The 
uni has been sub-divided (Bennett , 1965 , p . 2J4) into seven 
form ions according to rather subtle criteria . These 
are , from base to top : Moondarra Siltstone, Breakaway Shale, 
ative Bee Silts one , Urquhart Shale, Spear Siltstone, 
Kennedy Siltstone , 1agazine Shale . Also included in the 
unit s a thin, intermittent layer of metamorphosed basic 
volcanic rock which is situated between the Mount Isa 
fault and the 1agazine Shale . The unit is correlated 
with the 1ingera Beds and Surprise Creek Beds on the 
basis of litholog1 and relative stratigraphic position . 
11 . Kalkadoon ranite 
he Kalkadoon Granite is a complex of rock-types 
consis ing predominantly of granodiorite, but including 
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granite, microgranite, adamellite and hybrid types . Four 
phases a e indicated ( igure 3) according to the field 
e idence cited in Joplin and Walker (1961, p . 26) . The 
·ntrusive rela io ships are as follows: 
a. Granodiorite is intrusive into the Leichhardt 
Metamorphics . The granodiorite is older than the 
uprise Creek Beds as evidenced by a non-conformity 
t Sunday Gully (carter et al, 1961, p . 143). 
b . Adamellite intrudes the Argylla Formation . The 
Ewen Granite, which is related to the Kalkadoon 
Gr nite (Joplin and alker, 1961, p . 52), also 
n rudes the Argylla Formation . 
c . Granite intrudes the Mount Guide Quartzite . 
d. Granite probably intrudes the Myally Beds . 
12. bella Gran·te 
he bella Granite (nor hern lobe) is shown to 
compr·se four phases (see Figure 3): 
a . weathered granitic core 
b . granodiorite which intrudes the Yaringa Metamorphics 
c . massive to 
gneis ) , 
oliated porphyritic granite (and granite 
which is the predominant rock-type 
• mi rogranite , pegmatite and aplite and albitite dykes . 
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The weathere co e is flanked by porphyritic granite which is 
presumed to have intruded it (carter et al, 1961, p.150). 
Microgranite intrudes the porphyritic granite and is intruded 
by pegmatite on the eastern margin of the batholith. 
Both porphyritic granite and microgranite intrude the 
Eastern Creek Volcanics and the Judenan Beds. The contact of 
porphyritic granite with the Mingera Beds is probably 
faulted : i so , they probably overlie the granite (carter 
et al, 1961, p.150). Following this reasoning, the equivalent 
Mount sa hales also, probably overlie the granite. 
Structure 
Onl the most general of observations can be made 
concerning regional structure. The gross structure in the 
region of Mount Isa is that of a north-south trending 
syncline bordered by anticlines, which have been intruded, in 
the east by the Kalkadoon Granite, and in the west by the 
S bella Granite . The pronounced north-south trend of fold 
axes plus the widespread system of conjugate faults reflects 
strong east-west compression. 
northwa d at moderate angles. 
Most major fold axes plunge 
From consideration of the 
'room problem' it is almost certain that regional 
deformation is a sociated with granite emplacement. 
The Kalkadoon Granite is intimately associated with 
the Le"chhardt 1etamorphics. The two units form a 
tectonic ridge; a structural element which has been 
prominent in the geological history of the region . The 
ridge supposedly separated the eastern and western 
depositional troughs. As previously mentioned, only the 
western trough concerns this study . 
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The Sybella Granite is in part, a discordant batholith 
as evidenced by the highly-deformed envelope of Judenan 
Beds . There is little evidence for contact metamorphism. 
Lobes of granite appear to have intruded antiformal 
structures, as seen by the distribution of remnant roof 
pendants and screens of country rock. Well-developed 
foliation is possibly the result of planar flow during 
intru ion although some marginal foliation could have 
resulted from shearing during upward movement post-
crystallization or from later regional metamorphism . 
Xenoliths of quartzitic and basic country rock are locally 
abundant along the margin, in both coarse- and fine-grained 
phases. Quartz-feldspar pegmatite and quartz veins trend 
north-south adjacent to the granitic margin. 
probably emplaced along shear planes. 
They were 
The syncline has been compressed to the extent that the 
western limb ·s overturned and is apparently much thinner 
than the eastern limb . Bedding in the eastern limb dips 
westward generally at moderate to steep angles. The 
average dip in the Mo nt Isa hales is about 80 degrees 
wet . 1he overturned J udenan Beds dip steeply west . 
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e Mount Jsa ault i::; a reve t,e fault (Carter et al, 1961, 
p . 188) which strikes north- south and dips steeply west . 
t could be interpre d as an axi 1 plane fault formed 
by r pture o the overturned syncline in response to 
compre sion . The intensity of folding of the Mount Isa 
bed (especially ten miles north- east of Mount Isa in the 
area of Lake Moondarra), and the low grade of metamorphism 
attest to conditions of high directed pressure and low 
tempera ure during deforma ion . Contained pore fluid, 
remaining rom incomplete diagenesis, may have aided 
deformation . 
In the vicinity of Mount Isa , the grade of metamorphism 
is generally low east of the Mount Isa fault , and moderate 
o high west o the fault . The pattern can be explained 
as, 
1 . th result of aulting , whereby a section of 
deeper crustal material was upli ted into 
juxtaposition with more shallow material , or 
2 . he esult o lateral rise in metamorph c grade 
at the same crustal level, increasing to the 
s t of 1 o un t s a . 
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ntil detailed and rigorous structural analysis of some 
critical areas is done, little meaningful interpretation 
of the regional structural configuration can be given. 
Knowledge of the number of episodes of deformation; the 
style and geometry of strain, the metamorphic changes and 
the possible igneous intrusions accompanying each episode, 
would assi tin deducing the geological history of the 
regiono It would provide a much better geological 
framewo k or interpretation of geochemical and 
geochronological results . 
Geological History 
A brie outline of the geological history of the Mount 
Isa egion is reconstructed from Bulletin 51 as follows. 
The postulated history is very tentative, reflecting the 
uncertainties and, in places, the obscurity of 
interpreta ions within the Bulletin. 
lo Acid volcanism provided the rhyolites and dacites 
of the Leichhardt Metamorphics. If the Kalkadoon 
granodiorite is co-magmatic with the dacitic lavas 
(Joplin and Walker, 1961, p.52), then it was intruded 
during volcanism. 
2. Continued intermittent rhyolitic and dacitic 
eruption, alternating with periods of elastic deposition, 
produced the Argylla Formation. If the Ewen Granite and 
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equivalent phases in the Kalkadoon mass are co-magmatic 
with the rhy litic la as (Joplin and Walker, 1961, p.J7), 
then they wer e intruded during volcanism . 
J . Deposition of feldspathic sandstone during a period 
o widespread, shall o marine conditions formed the Mount 
Guide Quartz1te and its equivalents . The high feldspar -
content at ests to derivation from a nearby acid 
c ys alline terrain. Carter et al (1961, p . 47) suggest 
tha sediment was derived from west and north of Mount 
a o 
• ormation o the tectonic ridge centred along the 
Kalkadoon mass commenced during sedimentation of the 
Moun Tuide Quartzite The ridge subsequently formed a 
divider separating two depositional troughs; the western 
trough in the egion of Mount Isa and the eastern trough 
in the region of Cloncurr. 
5. E tensi e basic volcanism formed the Eastern Creek 
Volcanics and its equivalents. Intercalated lenses of 
qua zite, greywacke and tuff indicate that the sequence 
w s deposited in a shallow marine environment where local 
olc nic materia and acid cry talline material or 
qua zite provided sediment . The Lena Quartzite provides 
evidence o a prolonged halt to volcanism, wher eby a 
unifo m sh et o eldspathic sandstone wa s deposited over 
Wl ea . Subsequ nt b sic volca nism prorided the 
upper bection of the E stern Creek Volcanics . 
6 . During geo~ynciinal deposi ion, major faults 
marginal to the ectonic ridge relieved the stress which 
resulted ·om downwarping of the geosyncline . Broad 
flexuring of units d veloped in response to differential 
movement accompanying ownwarping . 
7. Shalla marine deposition of sandstone plus 
c nglomerate and siltstone ormed the Myally and Judenan 
Beds . ediments were apparently received from an acidic 
terraino 
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r he first main Lower Proterozoic orogeny may have 
occurred along ith extrusion of the acid lavas at the 
top of the Myally Beds . Deformation would have continued 
with deposi ion of the base of the urprise Creek Beds . 
Apparen 1 , defo mation was not severe in the western 
geosyn line ; being centred in the eastern geosyncline 
(Carter e al, 1961, p . 52) . Granitic intrusion probably 
accompanied orogeny . The Sybella Granite is thought to 
have be n emplace during this orogeny . 
9 . Dolerit1c dykes, s"lls and laccoliths were 
intruded, proba 1 during late-orogenic fracturing which 
resulted from relaxation of regional stress . 
10. edimentation of the Surprise Creek Beds 
penecontemporaneous with sedimentation of the Mount Isa 
Shale and Mingera Beds continued post-deformatione 
hicknesses o units (see Figure J) indicate that the 
depositional trough was centred eastwards, toward the 
tectonic ridgee The Mingera Beds were apparently near-
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shoe deposits a indicated by extensive boulder conglomerate . 
The Mount Isa Shale was deposited unconformably on Myally 
Beds in a trough or foredeep in which a thick sequence 
of volcanic-derived (Croxford, 1964, p . 41) dolomitic 
and carbonaceous shale accumulated. 
11. A second intense orogenic compression resulted in 
strong meridianal folding of the western geosyncline. 
Conjugate ault systems relieved the compressive stress 
built up in competent quartzite and volcanic units. 
12 . Post-deformation, north-south trending dolerite 
dykes were intruded . These show no evidence of deformation 
and could have been emplaced at any time after the second 
orogen_ . Regional tilting towards the north or north-
north-east occurred before Cambrian time . The present 
1 vel of e posure almost coincides with the level of 
ro on a ained prior to deposition of Cambrian sediments . 
PETROLOGY 
A total of four weeks was spent in the Mount Isa 
region; two weeks in May, 1966, and two weeks in August, 
1967 . The purpose of field work was to observe the 
characteristics and inter-relationships of the various 
rock units 1 and to sample appropriately for geochemical 
analysis. Samples for analysis were taken from the Mine 
sequence, the Kalkadoon and Sybella Granites, and the 
Mica Creek pegmatites and the Ea stern Creek Volcanicse 
Except for a few blasted sites, samples were taken from 
surface outcrop. Sample sites are located in Plate lo 
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All sample numbers, except where otherwise noted, are 
referred to the 'GA' system of the Department of Geophysics 
and Geochemistry, Australian National University. 
Petrologic description of the rock units sampled for 
analysis is given below, combining the writer's 
observations with previously published observations. 
The units are described in the order: 
1. Kalkadoon Granite 
2. Sybella Granite 
3. Eastern Creek Volcanics 
4 . Mount Isa Shale 
Those samples which were anal y zed for U, Th and Pb 
isotopes, are described in Appendix A. 
described in Richards et al (1963)0 
The remainder are 
J8 
Kalkadoon Granite 
The Kalkadoon G+anite, as previously mentioned, is 
a composite batholith composed predominantly of granodiorite 
(the term 'Granite' is retained according to formal 
nomenclature even though the petrography does not warrant 
it; see Joplin and Walker, 1961, p.2J). In hand specimen, 
the granodiorite shows some variation over the length of 
the batholith, though the mineral composition remains 
fairly uniform. The rock is massive, coarse-grained and 
commonly porphyritic. The following description is taken 
from Joplin and Walker (1961, p.28): 
These rocks are porphyritic with phenocrysts of 
microcline and/or plagioclase measuring from 6 
to 8 mm. The groundmass is in the main 
hypidiomorphic granular with the grainsize of 
different specimens ranging from 0.5 mm to 6 mm. 
It consists of quartz, plagioclase (acid andesine), 
microcline, biotite, and, in some specimens, 
hornblende. Sphene, apatite, and iron ores are 
accesory and epidote, white mica, and chlorite 
are found replacing plagioclase. Microcline may 
develop a coarse and peculiar type of hatching 
suggesting strain, and may be altered to myrmekite 
or albite along cracks. Quartz is commonly 
strained and may show undulose extinction, coarse 
lamellae, or complete granulation. Much of the 
biotite, associated with epidote, sphene, and 
chlorite, occurs in nests of criss-cross flakes 
and possibly replaces original hornblende. 
Larger individual flakes of biotite sometimes 
show bending. These features suggest that the 
Kalkadoon granodiorite, though massive in most 
places, has been subjected to regional metamorphism 
of a type similar to that affecting the Leichhardt 
Metamorphics (Joplin, 1955), which it invades. 
In addition, the writer notes that metamict allanite and 
zircon (both metamict and fresh) are accessory minerals. 
In some rocks, bent twin lamellae in plagioclase reflect 
strain which was probably induced post-crystallization. 
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Granite associated with the granodiorite is 
porphyritic and massive, and is composed of large, pink 
phenocrysts of feldspar set in a finer, granular groundmass 
of quartz, feldspar and mica. In a granite about 12 miles 
south-south-east of Mount Isa, textures suggest a 
supe imposed metamorphism (Joplin and Walker, 1961, p.29). 
The samples taken for analysis can be catalogued as 
follows: 
lo Samples 3377, 3378, 126 and 172 represent coarse-
grained, porphyritic granodiorite. Sample 3372 
may belong with these but it is strongly sheared 
and is considerably more siliceous. 
2. Samples 3379 and 3380 are medium- to fine-grained 
adamellite. Sample 3379 intrudes coarse, 
porphyritic granodiorite (3378): 3380 is 
foliated and intrudes similar-appearing gneiss 
of the Leichhardt Metamorphics. 
3. amples JJ71 and 3376 are non-porphyritic 
adamellite . 
4 . Sample J78 i s a granitic rock which has the 
outward appearance of Sybella granite. 
5. Sample 379 is a hybrid granitic rock obtained 
from Sunday Gully o 
Sybella Granite 
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The Sybella Granite is a multiphase batholith in which 
coarse-gained, porphyritic granite is predominant. As 
mentioned previously, other phases include a weathered 
g anit · c core, granodiorite , and microgranite plus 
pegmatite and aplite and albitite dykeso 
n hand specimen, the porphyritic granite is composed 
of pink, subhedral to ovoid (depending on the degree of 
foliation) phenocrysts of potash feldspar set in a matrix 
of quartz, microcline, plagioclase and mica. Joplin and 
Walker (1961, Po34) describe the granite as follows: 
In the field one has the impression that this 
granite is a coarse-grained rock, and, though 
pink microcline phenocrysts may measure up to 
about 15 mm in length, close examination shows 
that the groundmass consists of grains ranging 
in size from J mm to 0.5 mm, which tend to 
group into clots or elongated patches •o • The 
rocks are allotriomorphic granular and 
porphyri ic, the edges of the large microcline, 
and occasionally those of the plagioclase, 
phenocrysts interlock with the granular 
groundm sso In many specimens microcline is 
fringed wi h myrmekite, and may contain albite 
intergrowths, or small sub-idiomorphic tabular 
and corroded inclusions of plagioclase. In the 
groundmass the plagioclase (oligoclase) always 
forms i regular grains, which contrasts the 
fabric of these rocks with that of the Kalkadoon 
granodiorite. 
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Biotite, muscovite and, occasionally , hornblende are varietal 
minerals: accessories include fluorite, apatite, zircon, 
sphene and iron ore. Three main zones are commonly seen 
within zircon grains; an inner rounded zone, and two outer 
euhedral zones. Most zircon is non-metamict. 
The 'weathered core' is described by Joplin and 
Walker (1961, peJJ) as consisting of little-sorted 
arkos·c material which is coarse and granitoid-looking. 
'In places it appears contact-altered and granitized: 
in places it has been silicified with feldspar completely 
replaced by fine grained silica.' Much of the rock is 
intensely sheared, yet large (kaolinized) feldspar grains 
indicate a porphyritic texture. 
dykes cut the porphyritic rock. 
Silicified aplitic 
While it is plausible 
that this material is older, reconstituted arkose, it 
is possible that the material represents normal 
porphyritic granite which has undergone shearing after 
the intrusion of aplite dykes. Siliceous solutions 
traversing shear planes could have altered the rock to its 
present state . A point to note, however, is that fresh 
rock in the north-western area, though porphyritic, does 
have a textural aspect different from the usual porphyritic 
granite. Further study is required to resolve the 
relationship of the 'core' to the porphyritic granite. 
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The grano iorite microadamellite) is medium-grained, 
grey- to flesh-coloured rock which is composed essentially 
of relati ely large ragged, composite quartz grains 
su rounding bUbhedral grains of microcline and plagioclase. 
Plagioclase ca n be distinctly separated into altered and 
unaltered ~Pe . Larger grains, and grains included 
i hin microcline, a e saussuritized . Smaller grains in 
the groundmas s a e fresh and exhibit well-defined zoning. 
Some myrmekite i present. Biotite is partly altered to 
chlorite. Zircon and apatite are accessory. Sphene and 
fluorite are inconspicuous. 
1icrogranite of the northeastern lobe was sampled by 
the wri er. The rock is typically medium-grained, 
h pidiomorphic-granular and pink, with little mafic mineral. 
tis composed essentially of sub-equant, tabular, subhedral 
gra·ns of microcline and plagioclase enveloped by 
in er i ial grains of quartz. In places, quartz and 
feldspar orm graphic intergrowths9 Plagioclase is somewhat 
ser·citized and ?epidotized. Biotite is bleached or 
chlo · tiz d . Sphene i relatively abundant, occurring as 
gged, compos · te grains and as replacement rims on iron 
ore. luor1te and apati e are accessory. 
ein of pegmatite south-wes of Mount Isa were 
exam · ned . ~hese occur as irregular pods and lenses within 
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basic schistose rock (Eastern Creek Volcanics) adjacent to 
the granite margin. They are composed essentially of 
milk quartz, microcline and sodic plagioclase. Mica, 
ber 1, garne tourmaline, tantalite and monazite are 
accessory minerals . One vein located by the writer 
con ains coarse grains of intergrown clinopyroxene and 
hornblende plus apatite and fluorite. 
Albitite and soda aplite dykes appear to be the 
la et intrusi e phase. These are considered to be beyond 
the cope of this study and are not considered further. 
Samples taken from the Sybella Granite can be 
ca alogued as follows : 
1 . amples 3373, 3375 and 3384 represent pink 
porphyritic granite . Sample 3373 was taken 
very close to the margin; 3375 contains more 
quartz than is typical; JJ84 contains hornblende 
as well as biotite. 
2 . ample 3374 is a grey, biotite-rich, foliated 
granite which otherwise, is similar to the former. 
3 . Samples 3381 and s86 are from the north-western 
extremity of the S:rbella Granite; the region of 
'weathered core' . 
4 . Samples ~JO and 3382 are microadamellite which 
occurs wes of the main Sybella mass, intruding 
the aringa 1etamorphics . 
5 . umbers 3383, 3385, 3386 and 3387 are samples of 
microgranite. The first three are similar and 
are typical of the rock composing the north-
eastern lobe. Sample 3387, taken from near the 
Mica Creek pegmatites, contains abundant 
amphiboleo 
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6. Sample 3389 is a pegmatitic feldspar taken from 
the Beryl King prospect near Mica Creek. A sample 
of monazite (3388) was collected from pegmatite 
close to Mica Creek. 
umerous modal analyses of Sybella and Kalkadoon rocks 
were measured with considerable care by Joplin and Walker 
(1961). The average modes for relevant rock-types, taken 
from Joplin and Walker (1961, p.53) are listed in Table 1. 
The Sybella Granite can be generally distinguished from 
the Kalkadoon Granite on a ternary plot of modal quartz, 
microcl · ne and plagioclase. Figure 4a is such a plot~ 
modified f om the text-figure of Joplin and Walker (1961, 
p.26) . In Figure 4b, the trend from basic to acidic rock-
type is shown for each Granite. Also shown are the 
average Sybella granite and the average Kalkadoon 
granodiorite pointso The considerable scatter of Kalkadoon 
granodiorite perhaps indicates differential contamination 
of the magma during emplacement or, if the mass is 
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Figure 4a. Ternary plot of modal quartz, plagioclase 
and microcline for the Sybella and Kalkadoon Granites 
(taken from Joplin and Walker, 1961). 
• Kalkadoon granodiorite and adamellite 
• Sybella granite 
A Sybella microgranite 
o Sybella potash-rich microgranite 
Qtz 
Figure 4b. Similar ternary plot showirw the areas of 
dispersion of points for the Kalkadoon lil\lllllllJIII and 
Sybella Granites . Mean modal compositions are 
plotted for the Kalkadoon granodiorite ( • ) and the 
Sybella granite ( • ). The quartz-rich points are set 
apart as possible products of assimilation of quartzite. 
ana ectic, the scatter may reflect heterogeneity of the 
parent mate ial. he Sybella Granite shows less scatter 
e cept for a few quartz-rich/ plagioclase-poor samples. 
Assimilation of quartz · te may account for the anomalously 
h · gh quartz-content. The overall trend of Kalkadoon 
granodiorite to Sybella granite to microgranite may be 
governed, in part, by a regional fractionation series 
giving rise to early basic rock and later acidic rocko 
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Other features that distinguish the two Granite bodies 
are as follows : 
le Phys·cally, he Kalkadoon Granite appears much less 
discordant than the Sybella Granite. 
be more prevalent in the latter. 
Foliation may 
2 . n hand specimen Kalkadoon Granite is typically 
grey: ybella Granite is pink. 
Je Texturallv, Sybella Granite contains significantly 
more m rmekite. Also, groundmass plagioclase 
alwa s forms irregular grains, which contrasts 
the fabric with that of the Kalkadoon granodiorite. 
4. Fluorite is a constant accessory in the Sybella 
Granite but it is rare in the Kalkadoon Granite. 
5 . A elatively large volume of microgranite is 
included wi hin the ybella Granite • 
• The Kalkadoon Granite appears to have suffered a 
greater degree o regional metamorphism . 
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TABL 1 
Men Modal Analyses for Sybella and Kalkadoon Granites 
( dken ram Joplin and Walker, 1961) 
1 2 3 4 
Microcline 17 . 7 31 . 4 18 . 2 37 . 3 
Plagioclase 34 . 2 22 . 8 32 . 1 16 . 7 
Myrmekite 
Q artz 
Biotite 
Ho nb ende 
Sphene 
Apatite 
Epidote 
White Mica 
ran Ore 
Fluor · e 
Chlorite 
0 . 3 1 . 9 
30 . 0 29 . 8 19 . 1 35 . 1 
14 . 4 13.7 0 . 2 6 . 1 
1 . 4 0 . 7 1 . 1 
0 . 7 0 . 4 0 . 5 
0 . 3 0 . 3 0 . 1 
o . 8 0 . 7 tr 
0 . 1 0 . 3 0 . 5 o . 6 
0 . 1 0 .4 
0 . 2 
0 . 1 
1 . Kal adoon granodiorite (mean of 13) 
2 . Kalkadoon granite (mean of 3) 
3 . ybella granodiorite (mean of 3) 
4 . Sybella granite (mean of 11) 
5 . 1icrograni te ( mean of 6) 
5 
40 . 8 
14 . 0 
40 . 9 
3 . 2 
0 . 1 
tr 
0.5 
0 . 5 
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Eastern Creek Volcanics 
The Eastern Creek Volcanics h a ve been studied very 
little in detail. Walker (1958, unpublished) included 
some petrographic description and a few chemical analyses 
of the basic volcanics, and concluded that they bore the 
characteristics of tholeiitic basalt. Robinson (1967) 
s ubdivided the sequence into four units based on sediment/ 
volcanic ratio. The units are, from base to top: 
1 . Cromwell Beds 
The Cromwell Beds consist of about 7,000 feet of 
basaltic flows with little intercalated sedimentary 
material. Structurally, the flows are composed of a lower, 
compact, fine-grained part; an upper, amygdaloidal part, 
with amygdules increasing in size and number toward the 
top; and a brecciated top. 
2 . Paroo Beds 
The Paroo Beds consist of about 6,000 feet of basaltic 
flows with intercalated quartzite, grey to purple calcareous 
siltstone and sandstone and tuffaceous beds. 
JO to 50 per cent of the thickness. 
J . Lena Quartzite 
Sediment forms 
The Lena Quart zi te comprises 2,000 feet of feldspathic 
quartzite with a few intercala t ed siltstone beds. The unit 
is remarkably consistent in thickness and continuity 
providing an e cellent marker. 
4. Pickwick Beds 
The Pickwick Beds consist of about 2,500 fee -t of 
basaltic flows intercalated with quartzite and tuff beds. 
Sediment forms 20 to 50 per cent of the thicknesso 
The writer examined the type section of the Cromwell 
and Paroo Beds south of the Mount Isa-Cloncurry road. 
The section of Pickwick Beds north of the 'Silver Valley' 
prospect workings was also examined. Reasonably fresh 
material can be obtained by surface sampling. However, 
sampling of fresh material only, introduces a bias 
favouring the massive, indurated and generally coarser-
grained rock-types (see, for example, Vallance, 1960). 
It is possible that considerable intrusive materialj in 
the form of sills, is included in the bias. 
Examination of about JO thin sections taken from 
samples throughout the Eastern Creek Volcanics allows 
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some rudimentary petrographic observations. The volcanics 
as a whole, have been metamorphosed to the greenschist 
facies of regional metamorphism (Turner and Verhoogen, 
1960, p.533). The assemblages; sodic plagioclase, epidote, 
chlorite, quartz; sodic plagioclase, actinolite, chlorite, 
quartz; epidote, chlorite, quartz, magnetite; and sodic 
plagioclase, quartz, magnetite, calcite are common. · 
Plagioclase is ubiquitously altered to epidote, albite and 
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quartz. No trace of igneous zoning_ is evident. In some 
rocks, actinolite grains appear to be pseudomorphous after 
original pyroxene. Small shredded grains of biotite are 
dispersed through some rocks. Some rocks contain 
scattered grains of blueish amphibole. 
In general, the rocks can be subdivided into three 
types: 
1. relatively coarse-grained rock containing feldspar 
and actinolite in about the same proportion as the 
original calcic plagioclase and pyroxene. Quartz, 
chlorite, epidote and iron ore are varietal. 
2. fine-grained epidote-rich rock, where little or 
no original texture is retained. 
common constituent. 
Quartz is a 
J. feldspathic rock containing little ferromagnesian 
mineral. Quartz, calcite and iron ore are common. 
Equivalent rocks west of Mount Isa have been metamorphosed 
to amphibolite. Foliation is moderate to strong, and 
quartz amygdules have been elongated in response to 
regional metamorphism. 
As with most classifications, many rocks show 
characteristics of more than one type. The important thing 
to note, however, is that a considerable variety of 
mineralogies exist -- in rocks that were probably of a 
fairly uniform, tholeiitic composition. Smith (1968) 
concluded that bur · a1 metamorphism was the cause of 
chemical and mineralogical rearrangement in a marine 
sequence of basic lavas in New South Wales. Redistribution 
of constituents and probable gain of material (e.g. 
potassium, as evidenced by the abundance of biotite in 
some rocks), through burial metamorphism and possibly 
through regional metamorphism, has altered the Eastern 
Creek Volcanics to their present state. 
ntrusive dolerites also bear the character of 
tholeiitic rock-type (Walker, 1958, unpublished; Carter 
et al, 1961, p.1J7)o Three ages of intrusives were shown 
in Figure J; the feeder dykes for lava flows, younger sills 
and laccoliths, and post-orogenic dykes. To the writer's 
knowledge feeder dykes have not been identified (though 
they must exist). The younger sills and laccoliths are 
typified by the sill associated with the Lena quartzite. 
The sill was intruded before regional deformation of the 
Eastern Creek Volcanics. It consists of saussuritized 
feldspar, interstitial quartz and actinolite (uralite) in 
which occasional cores of unaltered clinopyroxene are seen. 
Apatite and iron ore, largely altered to leucoxene, are 
accessory. Post-orogenic dykes are relatively fresh, 
consisting of little altered feldspar (labradorite), 
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moderately uralitized clinopyroxene and interstitial 
granophyre. Igneous zoning is well-preserved in the 
feldspar and pyroxene. Apatite and iron ore are accessory. 
The samples of Eastern Creek Volcanics taken for 
analysis can be catalogued as follows: 
1. Samples 3397, 3399 and 3400 bear the Type 1 
characteristics. 3400 contains biotite. 
2. Sample 3401 belongs to Type 2. 
3. Sample 3402 belongs to Type 3. 
4e Sample 3398 is amphibolitized volcanic taken 
from west of Mount Isa. 
Mount Isa Shale 
The petrology of the Mount Isa Shale, or more 
specifically of the sediment of the mine sequence (apart 
from the 'silica-dolomite'), was investigated by Croxford 
(1962). Basically, the strata can be divided into two 
rock-types; shale of variable character, and intercalated 
tuff beds. The two rock-types are described as follows. 
1. Tuff Marker Beds 
The following observations were recorded by Croxford 
(1964): 
In hand specimen they are generally grey in 
colour, hard, brittle and cherty. They are 
usually 1 in. to 21 in. in thickness, but 
variations from 1/ 16 in. to 56 in. are known. 
The thickness of individual beds remains uniform 
over large distances, except where sedimentary 
scouring and the formation of stylolites occur . 
Another characteristic feature of these horizons 
is that they tend to terminate sharply at the 
base, but merge gradually with the overlying 
sediment s . 
The beds are composed chiefly of potash feldspar. Low 
sodium content and intermediate triclinicity of the 
feldspar indicate that the beds were earlier composed of 
a low-temperature orthocla se now largely inverted to 
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microcline (p . J9) . Ferroan dolomite is a common component 
occurring as zoned, subhedral to euhedral rhombs in the 
potash eldspar matrix . Accessory minerals include quartz, 
chlorite, rutile, pyrite and pyrrhotite. 
In plane - polarized light they the beds are 
usually colourless to pale brown and lack any 
distinctive features. Under crossed nicols 
they show a microcrystalline groundmass of 
interlocking, anhedral grains, 0 . 005 mm to 
0 . 060 mm across, with an average grain size 
of about 0 . 01 mm . These grains have low relief, 
weak birefringence and very uneven extinction. 
A quadrille pattern resembling microcline-type 
twinning is common. 
At xl500 magnification, in plane-polarized 
light, the groundmass is seen to contain minute 
crystals of rutile located along particular 
potash feldspar grain boundaries. The rutile 
crystals outline short to elongate, straight, 
curved and bifurcated shapes measuring 0.005 
mm x 0 . 04 mm x 0 . 6 mm, and these appear to be 
volcanic shards that impart, in varying degree, 
a typical vitroclastic texture to the 
crossfracture beds. 
Tuff beds occur throughout the stratigraphic width of 
mineralized sediment indicating that volcanism was 
continuous during sedimentation. 
2. Shale 
Croxford (1964, p.41) describes the non-sulphide 
portion of shale as follows: 
The sediments o Mount Isa mine consist 
essentially of two dominant but variable 
components, a erroan dolomite and a potassic 
alkali feldspar . These minerals are 
accompanied by some quartz, muscovite and 
accessory miner als such as rutile, apatite and 
tourmal·nea Numerous individual beds are rich 
in potash feldspar and contain up to 8.05 weight 
per cent K2 0. Optical and X-ray diffractometer da a show this feldspar to be compositionally 
"dentica1 with the potash feldspar of the 
crossfracture beds ••.. It is concluded, 
therefore, that the mine sediments are to a 
large degree composed of potash-enriched 
volcanic material. 
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In mineralized shale, sphalerite and galena show a marked 
separation, demonstrating that the two sulphides occur 
predominantly in separate layers. Sphalerite is 
associa ed with dolomitic shale; galena with graphitic 
shale. 
THE MOUNT I A ORE DEPOSIT 
The Mount sa ore deposit is mined for lead, zinc, 
(silver) and copper sulphides. The copper ore bodies are 
spa ·ally separate from the lead-zinc ore bodies. Present 
opinion at ibutes a mode of origin for the copper 
mine alization different from that for the lead-zinc 
mineralization . ence, future discussion disregards the 
copper m· neralization. 
The Pb-Zn deposit comprises a number of parallel 
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or en echelon ore bodies in which the mineralization occurs 
as layers con ormable to the bedding in the host rock. 
All known economic mineralization is restricted to the 
Urquhart Shale (Bennett, 1965, p.235); a well-bedded unit 
composed o dolomitic, carbonaceous and pyritic shale. 
The present known extent of economic mineralization is 
con ined to 1,000 m stratigraphic thickness of the 
Urquhart hale . Within this formation the Pb-Zn sulphides 
re con ined to bands of shale in which the beds range in 
h · ckne s from Oo25 mm to 5 cm, with even the thinnest 
beds showing remarkable continuity over many tens of meters. 
n unde ormed shale the sulphides are very fine-grained 
and ha e every appearance of being originally deposited 
as sedimentary material. Sulphides have been mobilized 
and recr stallized in the axial regions of folds and in 
cross-fractures. Hence, current geological concensus 
regards he deposit as a 'syngenetic-remobilized' Pb-Zn 
deposi (Hewet and olomon, 1964) . 
Early published accounts of he mineralogy and field 
relationships of the ore deposit (Grondijs and Schouten, 
1937; B anchard and Hall, 1942) concluded that the deposit 
was epigenetic., 
The evidence of metasomatic replacement of the 
shale as furnished by microphotographs •.• , 
are so numerous at the mines macroscopically, 
hat probably no observer at the property 
would consider seriously a syngenetic origin. 
(Blanchard and Hall, 1937, p.1048) 
Subsequent re-evaluation of textures and structures in the 
light o syngenetic theory (e.g. Murrayj 1961; Croxford, 
1962) sugge ted that the deposit was syngenetico 
On the basis o evidence compiled within Mount 
Isa mines 1 it is held that the sulphides have 
fo r med in localized zones as a result of 
concent ated precipitation contemporaneous with 
the deposition of the sediments, and represent 
an integral part of the rock forming minerals. 
(Bennett 1965, p.245) 
A review of the more salient features of the deposit is 
given below. 
Folds, cross-fractures and bedding plane faults are 
notable structures in the mine. The ore deposit is situated 
on the limb of a large anticline within the Mount Isa Shale. 
Minor, or drag folds are abundant within the ore deposit, 
rang · ng in amplitude from greater than five metres to less 
than one centime e o Fold axes plunge in a consistent 
direction suggesting tectonic control. Crenulations 9 
particularly in sulphide-rich beds, exhibit disharmonic 
fold patterns, but contorted axial planes retain a degree 
of order. Original slump structures are rarely seen. 
These may be more numerous, but difficult to identify due 
to superimposed tectonic deformation. Cross-fractures 
are ubiquitous and contain generally sparse mineralization. 
The mineralogy of the deposit (apart from gangue 
minerals) comprises mainly pyrite, galena and sphalerite 
but includes chalcopyrite, pyrrhotite, marcasite, vallerite, 
argentite, arsenopyrite and sulphosalts. This assemblage 
can be considered characteristic of a mesothermal 
epigenetic deposit. It is not, however, inconsistent with 
a syngenetic origin followed by a later rise of 
isogeotherms associated with granite intrusion, deep 
burial, or both (Fisher, 1960, p.99). 
Pyrite is classified into two different types 
(r.roxford et al, 1961, p.150); first and second generation. 
First generation pyrite occurs as fine, roughly spherical 
grains throughout the strike length of the Urquhart Shale, 
i.e., in barren as well as in mineralized parts. Most 
grains have a zonal structure and many enclose rounded 
to slightly polygonal sacs, which appear similar to fossil 
micro-organisms found in Paleozoic and Mesozoic shales 
(Love and Zimmerman, 1961, p.886). Second generation 
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pyrite includes all pyrite formed during and after initial 
deformation of the shale (Croxford et al, 1961, p.153). 
This generation is characterized as relatively coarse-
grained, subhedral to euhedral grains which enclose first 
generation pyrite but which have, otherwise, no internal 
structure . 
Preliminary S-isotope results (Love and Zimmerman, 
1961; Solomon, 1965) indicated that first generation 
pyritic Smay be biogenic. Results spread over a wide 
range of ~ s 34 values, all positive with respect to the 
meteoritic standard. Later results by Stanton and 
Rafter (1966), from a vertical section through two 
adjacent sulphide-rich beds, plotted between the values 
for standard meteoritic Sand seawater sulphates. For 
14 determinations, the spread of Ss 34 values was +7.J to 
+14.5 per mil with a mean value of +10.8 per mil. 
Reviewing the results from a number of stratiform sulphide 
ore bodies, they postulated a source emitting S which is 
always heavier than meteoritic S, and which is not exposed 
to significant fractionation. They suggested that sea-
floor volcanic fumaroles might have supplied the S, which 
was precipitated locally and sedimented onto the sea floor. 
Armstrong (1968) also suggested that such isotopic results 
were consistent with his model for re-cycling of crustal 
material through the mantle . Subsequent, more widely 
sampled analyses, published by Solomon and Jensen (1967) 
gave a much greater spread in b s 34 values. The values 
ranged from +4 . 0 to +J0 . 8 per mil, overlapping the 
results of Stanton and Rafter . They (Solomon and Jensen, 
p.1284) state that: 
The broad isotopic d~~tribution, together with 
the enrichment of ~ S relative to that found 
in definite magmatic sulphides is indicative 
of a biogenic origin for the sulphur of the 
sulphide assemblages forming the Mount Isa 
deposits. 
Grondijs and Schouten (1937) published a large number 
of microphotographs illustrating the paragenetic sequence 
of deposition and replacement. Notable among these is an 
atoll te ture where galena and sphalerite have replaced 
interiors of pyrite grains, presumably the first generation 
pyrite. Other textures indicate that galena and 
sphalerite (plus others) have been recrystallized. From 
a compr ehensive study of textures, Croxford (196 2, p. 2 JO) 
stated categorically that a paragenetic sequence does not 
existo He claimed that there was no unequivocal evidence 
of replacement to be seen in the textures. Further 
(1965), he illustrated that the mineralogical and chemical 
constitution both of mineralized and of barren sediment, 
was virtually identical. This is strong evidence against 
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the contention of Blanchard and Hall (1942) that hydrothermal 
replacement o the sediments occurred, accompanied by 
complete remov al of the replaced material from the system. 
Evidence for mobilization of sulphides can be seen in 
drag folds and in mine r alized cross-fractures. Plastic 
flow of sulphides, especially galena and pyrrhotite 
(Solomon, 1965, p . 748), is deduced where sulphide beds 
are thicker in the hinge regions of folds and thinner on 
the limbs , and where radial tension cracks in interbedded 
shale a e filled with sulphide . It is remarkable that 
interbedde d shale beds show very little change in thickness 
in tight folds whereas adjacent sulphide beds exhibit 
e treme redistribution. From the presence of relatively 
coarse crv stallization in the flow features, Solomon 
(1965, p.758) suggests that a high confining pressure, at 
low temperature, persisting over an extended period of 
time, provided the activating energy for recrystallization. 
The maximum temperature attained in the orebody 
lies somewhere between 2 20°c and J00° c (Fisher, 1960, 
p . 104) . The amount of iron in sphalerite, according to 
the sphalerite geothermometer curve (Lovering, 1958, 
p . 696), suggests a temperature of 260° to 280°c. Stillwell 
and Edwards (1 94 5 , p . 154) state that the presence of 
valleriite indicates a temperature not greater than 225°c, 
the temperature of dissociation of vallerii te ( this is the 
most reliable criterion, according to Croxford, 1962, 
p .104) . This range of temperature could have been 
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derived from hydrothermal solutions, or could have resulted 
from granite intrusion, deep burial, or both. 
To date, the 'syngenetic-remobilized' hypothesis 
provides the most satisfactory explanation of the origin 
of the Pb ore deposit. The history of formation includes 
initial deposition of Pb sulphide with subsequent 
mobilization; redistribution and re-mixing of Pb sulphide 
(at least locally) at moderate temperature perhaps over a 
prolonged period of time . 
NTRODUCTIO 
CHAPTER 3 
METHODS 
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The bulk of analytical work represented in this thesis 
was directed towards isotope dilution analysis of whole-
ock samples for U, Th and Pb . Although whole-rock 
analyses ha e previously been published (Tilton et al, 
1955; Za tman, 1965 ; Tatsumoto , 1966), the analytical 
p ocedure (particularly for granitic rock) remains a 
length, at times rather awkward, task . A procedure was 
evolved a this laboratory by the writer, fashioned from 
the experiences of others; a procedure which remains 
amenable to improvement and refinement. 
Other anal ses, all performed on whole-rock samples, 
are listed as follows : 
1 . sotope dilution a n a lysis for Rb and Sr . 
2. -Ray fluorescence analysis for Rb, Sr, Ba and Si0 2 . 
J. Gamma-ra spectrometer analysis for K, U and Th. 
4 . lame photometer analysis for Kand Na . 
Th·s analytical work enlisted the techniques and equipment 
a ready establ.shed by others . The techniques combined 
ogive whol rock nalyses for nine elements. 
Tracer solu ions (spikes) were necessary in all 
i o op d·lut·on analy es . Preparation and maintenance 
of U and Th spikes was the responsibility of the writer. 
Lead , Rb and Sr spikes were administered by others. 
SAMPLE PREPARATION 
The standard preparation of samples is described as 
followso Approximately one kilogram of unweathered 
sample was broken from a larger block wherever possible. 
Unattached debris was removed with a blast of compressed 
air. Otherwise, foreign matter was removed by ultrasonic 
bath followed by acid cleaning in lN HCl. 
The sample was put through steel jaw crushers in two 
stages, to pass about No . 4 BS mesh. A split of about 75 
grams, obtained by using a stainless steel splitter, was 
ground in a tungsten carbide 'Sieb' mill to about -150 
BS mesh. This was packaged in a plastic bag and stored. 
amples designated for mineral separation were ground in 
a steel disc mill rather than the 'Sieb' mill to provide 
greater bulk with less fine matter. 
Standard techniques of isodynamic and heavy liquid 
separation were used for preparation of feldspar 
concentrates . 
URA UM AND THORIUM SPIKES 
The procedure for spike preparation and calibration, 
identical for both and Th sp'kes, is outlined below. 
62 
63 
All preparation and calibration was done gravimetrically. 
Each spike sample was dissolved in dilute nitric acid and 
stored in 250 ml polypropylene bottles; one bottle 
containing the STOCK solution and another containing the 
dilute WORKING solution. These storage bottles were 
sealed with paraffin. The WORKING solution was dispensed 
from a 50 ml polyethylene dropping bottle. 
The spikes were calibrated against STANDARD REFERENCE 
solut·ons which had been gravimetrically calibrated (see 
below). Actual measurement was made using dilute solutions 
prepared from the STA IDARD REFERENCE solutions. 
A major difficulty in spike handling was change of 
weight with time. This was presumably due to diffusion 
of vapours through either the vessel walls or the paraffin 
seal, or through both (Vernon, unpublished: Hamilton 1962). 
All solutions contained approximately five to ten per cent 
nitric acid by weight. The threaded tops of bottles were 
wrapped with teflon tape to improve the seal. The bottles 
were kept in an airtight dessicator, suspended above a 
reservoir of dilute nitric acid. This provided an 
atmosphere, roughly equivalent to that inside the bottles, 
wh·ch was intended to inhibit diffusion of vapour through 
the ves el walls . 
A reco do the weights of WORKI G solution stock 
o tles and ispen e was kept . The bottles lost weight 
hile sored with nit ic acid and gained weight while 
standing in room atmosphere . The rate of weight change 
was di e nt or each container and was probably a 
unction of the acidity of the contained solution . 
Perhaps los of weight of spike solutions could be 
minimized bys anda dizing the acidity of the spike 
so utions and the co-existing reservoir. Since weight 
lost by standing in the acid atmosphere could be regained 
bys an ing n oom a mosphere, change of weight was 
controlled by : 
1. bringing the WORKI G solution to former weight 
before taking an aliquot for the dispenser. 
With every new aliquot the spike concentration 
should be identical to be calibrated value . 
2. keeping continuous record of the change in 
weight o the dispenser. 
The only uncont olled loss of vapour was that lost during 
the d "spensing of sp"ke. This was assumed to be 
neg g"ble. The otal loss of weight recorded over two 
yeas accounted for about 0 . 15 per cent increase in spike 
concentration . 
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Uranium Spike 
A sample o u
3
o8 , of stated isotopic composition 
u 2 38 = 0.0183%, u 2 35 = 99 . 9742% atomic abundance, wa s 
obtained om the United States Atomic Energy Commission . 
The sample was dissolved in di l ute nitric acid and 
sored as a OC solution of concentration about 50 
microg ams u 23 5/gm . spike WORKING solution of 
concentrat'on about ive micrograms u 235/gm, obtained by 
en- o d dilu ion of an aliquot of the stock solution, 
was accurately calibrated . The spike calibration is 
shown in able 2 (Ch per 4) . 
Two SA IDARD RE ERE CE solutions were prepared as 
calibrators, rom 
l a re gent grade British Drug House (B . D . H . ) 
uran 1 nitrate, and 
2 . an isotopically pure u
3
o8 sample (Oak Ridge 
ational Laboratories standard U-005). 
The B . D . . sample is assumed to have the natural relative 
abundance 238 /u23 5 = 137 . 8 . Standard u-005 has a stated 
atomic abundance o , u 238 = 99 . 50%, u23 5 = 0 . 489% 
(equivalent to 238/235 of 203 . 25) . 
Gravime ric calibration of the REFERE CE solutions 
proceeded as follows . Three aliquots of each REFERE CE 
solution were p'petted into 25 ml plat~num crucibles and 
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accurately weighed. The solutions were taken to dryness 
at 875°c (following the thermogravimetric curves for the 
decomposition of uranyl nitrate to u3 o8 given by Duval, 
1963, p.666) repeatedly until constant weight was attained. 
Weighings were done to a standard schedule. The 
concentration of each REFERENCE solution was calculated 
(assuming stoichiometry of u
3
o8 ) by averaging the three 
determinations. The calibrations are given in Table 2. 
(The quantity of U-005 was sufficient to permit only a 
single-aliquot determination.) 
Thorium Spike 
Preparation of the Th spike paralleled that of the U 
spike. A sample Th0 2 of stated isotopic composition, 
Th2 3 2 = 10.18%: Th2 30 = 89.82% atomic abundance, was 
dissolved in dilute nitric acid and stored as STOCK and 
WORKING solutions of concentrqtions about 50 and 5 
micrograms Th230/ gm, respectively. (Subsequently, a 
WORKING solution of about 10 micrograms / gm concentration 
was prepared.) 
Two STANDARD REFERENCE solutions were prepared as 
calibra t ors from 
1. reagent grade B.D.H. Th nitrate, and 
2. Johnson and Matthey 'Spec-pure' Th nitrate. 
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The Th in both is 232 assumed to be 100% Th . The REFERENCE 
solutions were calibrated as described for U. The samples 
were heated at 875°c (Duval, 1963, p.650) repeatedly until 
constant weight was attained. The calibrations are given 
in Table 2. 
ISOTOPE D LUTION ANALYSIS OF URA IUM, THORIUM AND LEAD 
Chemistry 
Chemical extraction and purification of U, Th and Pb 
preparatory to mass spectrometric analysis was done in the 
'Trace Lead' Laboratoryo Several precautions have been 
taken to minimize contamination of the laboratory by 
airborne debris. A fan, drawing filtered air into the 
room, maintained an atmosphere of slightly higher pressure 
than the adjacent corridor, thereby minimizing the 
transfer of airborne dust from the corridor to the 
laborator • Of late, an excess of fibrous dust, attributed 
to the ripping of paper towelling from a wall dispenser, 
was seen. Since then, towelling has been provided . in 
pre-cut lengths. 
Efficient and effective cleaning of glassware and 
platinumware is very important. Procedures are described 
as follows: 
1. Glassware:- Glassware was immersed for 24 hours 
in a detergent (R.B.S. 25) bath, rinsed with a 
jet of hot water and then with demineralized 
wa er, immersed for 24 hours in a so% nitric 
acid bath, rinsed with demineralized water and 
then with distilled water, dried and covered 
with 'Parafilm'. 
2. Platinum dishes:- Platinum dissolution dishes 
were immersed in hot, 6N HCl for one to two 
hours, rinsed with distilled water, dried and 
covered with 'Parafilm' . 
J. Platinum crucibles:- Platinum crucibles were 
immersed in hot, 6N HCl for one to two hours, 
rinsed, flamed at high heat for five minutes, 
re-immersed in hot 6N HCl for one hour, rinsed 
with distilled water, dried and stored. 
Extraction of U, Th and Pb involved the use of many 
reagent • Except for HF and HC104 , all reagents were 
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purified. The former provided, by far, the greatest part 
of reagent Pb cpntamination; U and Th contamination was 
virtually negligible. Semi-quantitative blank analyses 
of Pb in stock Analar HF and HC104 used in this laboratory 
were reported by Cooper (1966). The writer accepted this 
level of contamination as tolerable, provided the total 
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Pb blank was kept to one or two per cent of the amount of 
sample Pb. Preparation and purification of reagents is 
described in Appendix B. 
A general description of the dissolution of samples and 
extraction of U, Th and Pb follows. A detailed procedure 
is given in Appendix C. 
Twelve to fifteen grams of whole-rock powder was 
dissolved in HF, heated with HC104 , and evaporated to 
dryness. The perchlorate residue was dissolved in water and 
insoluble mineral residues were collected, fused with borax 
and added (in solution) to the whole-rock solution. Two 
aliquots were taken from the whole-rock solution; about 
1/5 of the solution for the spiked Pb determination and 
about 2/5 for the combined U-Th determination. The remainder 
was used for the unspiked Pb analysis. The sequence of 
analysis was as follows: 
1. The unspiked Pb was extracted from solution and 
the approximate quantity was determined by 
titration with dithizone. 
2. Provided extraction of the unspiked Pb sample was 
successful, Pb spike W8s added to the accorded 
aliquot and the Pb was extracted. If either of 
these two extractions was abandoned, another 
whole-rock dissolution was done. 
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J . The -Th aliquot was treated following successful 
• 
extraction of both Pb samples . 
solation of Lead 
Lead was isolated as follows . The aqueous solution was 
evaporated to dryness , the residues dissolved in 
concentrated HNOJ and Pb nitrate co-precipitated with Ba 
nitrate (Tatsumoto, 1966, p . 1772) . After centrifuging, 
the supernate was discarded . Most of the Fe was removed 
with th's step . The nitrate residue was dissolved in water, 
and Ba and Pb oxalates were precipitated. After 
centri uging, the supernate , containing ferric iron, was 
discarded. The oxalate residue was dissolved in a solution 
containing complexing agents, ammonium citrate and potassium 
cyanide . The solution, made to about pH 9, was shaken with 
dithizone in a separatory funnel whereby Pb, ferrous iron 
(if present), Tl and Bi were extracted as dithizonates from 
the aqueous phase . Any remaining elements were complexed as 
citrate ions (ferric iron as cyanide ion) and were not 
extracted . However, ferric iron is reduced to ferrous iron 
by dithizone (the oxidized dithizone forms a brown, 
interfacial film), the latter forming a dithizonate. 
Thallium was removed by shaking the dithizonates with 
dilute potassium cyanide solution. Bismuth was removed 
by shaking the dith'zonates with ammonium acetate solution 
made to pH= J.4. The presence of Fe is extremely 
detrimental to Pb mass spectrometry. Therefore, it was 
important to remove virtually all the Fe with the nitrate 
and oxalate treatments. 
Following the method of Cooper and Richards (1966), 
the Pb dithizonate, virtually free from impurity except 
for alkalis (particularly K), was 'washed' with aqueous 
solution (see Appendix c), taken into dilute HCl and 
evaporated to dryness. The chloride was converted to 
nitrate by adding concentrated HNOJ and evaporating to 
dryness. Ammonium nitrate was volatilized by heating 
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the residue at moderate hot-plate temperature. Lead nitrate 
was transferred in a drop of water to a micro-centrifuge 
tube and Pb oxalate was precipitated by adding a drop of 
oxalic acid. The precipitate was washed with 70% ethanol 
to reduce the amounts of Na and K inevitably present. The 
Pb oxalate was loaded (as a slurry in a small drop of water) 
onto a rhenium mass spectrometer filament. 
I • solation of Uranium and Trrorium 
Uranium and Th were extracted together from the same 
aliquot and were analyzed together in the mass spectrometer 
from the same sample loading. The method of extraction is 
essentially that of Tilton (personal communication through 
J.Ro Richards). The efficiency of extraction of Th is only 
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abou one - third of that or U, but the natural abundance 
of Th is J to 5 times that of U, a compensating factor . 
A e piking , the U-Th aliquot was heated strongly 
(but not boiled) for 15 minutes to drive off any dissolved 
co2 and to equilibrate the s p ike . Uranium and Th 
hydroxides were co-precipitated with the hydroxides of 
other ions in solution . After centrifuging, the supernate 
was discarded and the residue was dissolved in a minimum 
of concentrated HNOJ and added to an Al nitrate-nitric 
acid solution . Uranium and Th were extracted into hexane 
(methyl iso-butyl ketone) by vigorous shaking in a 
separato y funnel, and then back-stripped from the hexane 
into wa er . This was evaporated just to dryness . The 
residue was dissolved in saturated ammonium nitrate 
solution and U and Th wee again extracted into hexane . 
The purpose of this step was to remove any Al, residual 
from the former extraction . Uranium and Th were back-
stripped into water and the solution was evaporated to 
d yness leaving a residue of U and Th nitrates . 
The nitrates were transferred to a micro-centrifuge 
tube and and Th phosphates were precipitated with 
ammonium phosphate . The precipitate was washed with 70% 
ethanol and loaded into rhenium mass spectrometer 
filaments . 
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Mass Spectrometry 
Lead , and U and Th wer e isotop ically analyzed using 
an N.A .A . Nuclide, 0 12-inch radius of curvature, 60 sector, 
single-focussing mass spectrometer . The spectrometer 
was equipped with a Craig-type source (Craig, 1959) 
based on an A . E.I . design . Standard operating conditions 
11 
required an accelerating potential of 6 kV and a 10 ohm 
leak-resistor position in the Carey electrometer . The 
'Nuclide' is equipped with a voltage-to-frequency converter 
for digital output , a chart recorder and an electron 
multiplier . The vacuum stages which isolate the source 
region from room atmosphere permit a sample to be introduced 
to the source region in 10 to 15 minutes with only slight 
deterioration of the vacuum . 
Samples were loaded onto ceramic 'beads' fitted with 
rhenium filaments . Between samples the used filaments 
were replaced: the newfilaments were cleaned by boiling 
in water followed by degassing in vacuum at high temperature 
(5 amps) for 5 to 10 minutes. The stainless steel source 
blocks, which contained the beads, were cleaned frequently 
using dilute HN0
3
• 
I . Lead 
Lead was analyzed according to the method of Cooper 
and Richards (1966b) . The Pb oxalate sample, loaded on 
a single filament, was introduced to the spectrometer 
and thermally decomposed to Pb+ PbO in the pre-source, 
vacuum stage ('Lock'). Alkali metal (Kand Na) ion 
beams, inevitably present, were convenient for focussing 
prior to Pb ion emission. Generally, Pb ion emission 
was observed on 10 mV range when (with continuing slow 
increase of filament current) Na ion emission equalled 
K ion emission. The filament current for initial Pb ion 
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emission ranged from 1.2 to 1.6 amps. Once initiated, the 
beam was intensified to measuring condition over a range 
of about 0.25 amp. The slow time-schedule build-up of 
emission 
minutes. 
obtained, 
called for an 0.01 amp increase every five 
-11 In good runs, a total beam of J x 10 amp was 
· · Pb 206 k f b t 1 giving a pea o a ou v. In poor runs 
a beam of about J x 10-12 amp was obtained, giving a Pb 206 
peak of about 100 mV. 
Ratios were measured by peak-switching between 
1. pre-set magnet current settings for unspiked 
Pb samples, and 
2o pre-set voltage potential settings for spiked Pb 
samples in the sequence; 208 / 206, 209 / 204, 207/206, 
208 / 206. 
Each peak was monitored for four or ten seconds, giving an 
integrated count. Twelve seconds display time was allowed 
r 
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for one mass unit separation; 16 se conds for two mass units 
separation. Thirty-one measurements of alternate peaks 
gave 15 r ati os which were statistically averaged for each 
set. Static zero was measured after each set of ratios. 
For voltage switched runs, dynamic zero was measured at the 
end of the run. With poor runs, two sets of 206/204 
measurements were taken, giving a sequence; 208/206 , 
206/204, 207/206, 206/204 , 208/206 . A slow scan of the 
Pb spectrum was taken to provide a correction for tail. 
The electron multiplier was commonly used to amplify the 
tail, or ease of measurement • 
• Uranium and Thorium 
Combined U and Th phosphate was run on a triple-
filament assembly. The side filaments were heated 
simultaneously to give first, U emission, then at higher 
temperatures, Th emission . Thus U was analyzed first; 
Th second . xperience showed that the procedure of 
running to a standard time schedule as prescribed by 
Shields (1966) was liable to produce unstable emission. 
There ore, slow beam build-up became the adopted practice. 
Uranium beams were generally strong and stable : Th 
beams were charac eristically weak. The relative 
difference is predictable from the respective ionization 
potential . A considerable difference was seen in Th 
r 
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beam strength between calibration runs, where no U was 
present, and sample runs . The former gave relatively 
strong beams: the latter gave weak beams with considerable 
variation between samples. Uranium probably suppressed 
the Th beam by being preferentially ionized. The 
variability in Th beam strength between samples may have 
depended on the distribution of sample on the filament. 
In runs where U emission decayed to a minimal beam strength 
at higher 'thorium' temperatures, the sample was probably 
well-gathered at the central, and hottest part of the 
filament. Where U emission persisted strongly at higher 
temperatures, the sample was probably spread out on the 
filament into the region where lower lateral temperature 
of the filament allowed continued stable emission. 
A. Uranium 
The following is a description of the build-up and 
measurement of a U ion beam. Using standard size filaments 
the centre filament was set to give a total rhenium beam 
of about 10- 12 amps (i.e. Re 187 of about 50 mv). This 
required a current of between 5.2 - 5.6 amps. Uranium 
metal and oxide ions began evaporating from the side 
filaments at about 1 . 5 amps. The oxide beam decreased to 
a very small size as oxygen was pumped away. This was 
demonstrated in some runs where uo+ emission was about 
r 
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+ equal to U emission and suddenly the former decayed 
rapidly with concomitant increase of u+ emission. 
Two or three modes of U emission were obtained with 
increase in temperature. The 'hot' mode (see Shields, 
1966, p.54) was consistently the one to be measured since 
it gave the strongest and most stable beam. Characteristically : 
the initial beam increased to about 100 mV with increase of 
side-filament current to 1.8 - 2.0 ampso Continued 
increase of current caused rapid decay of emission. 
Emission gradually increased again at 2.4 - 2.8 amps. 
Occasionally, an intermediate temperature mode was 
observedo The 'hot' mode usu~lly gave a stable beam of 
magnitude between 1 x 10-ll to 6 x 10-11 amps. 
The ratio of u238 /u2 35 was measured by peak switching 
between pre-set magnet current setting. The two peaks 
were approximately equal in magnitude. Twenty-two seconds 
was allowed for stabilization of the magnet between readings, 
followed by a four-second integrationo Generally, three 
sets of 15 ratios were taken. Background was measured before 
and after each set. Tail measurements were neglected. 
B . Thorium 
Thorium emission began at about J.1 - J.J amps. As 
with U, both metal and oxide ions were emitted ~ntil 
oxygen was pumped away. Oxide beams were observed in 
calibration runs, but never in sample runs (where U was 
measured first) . 
-12 3 x 10 amps . 
The strongest beams constituted about 
A number of beams were less than 10-12 
amps and were measured either by scaling directly from 
the chart record, or by introducing the electron 
multipliere Maximum beam strength was obtained at about 
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3.5 - 3 . 7 amps with the centre filament current increased 
by about 0 . 2 - 0.4 amps from that setting used for the U 
measurement. Thorium emission responded markedly to 
slight increase in the centre filament current. Because 
the filament was near breaking-point at such a high 
temperature, great care had to be taken not to increase the 
current too much or too rapidly . 
. 232; 230 The ratio of Th Th was measured by magnet 
switching, allowing 16 seconds between peaks and 
integrating for ten seconds on the peak top . Two or three 
sets of ratios, each of 15 measurements, were taken. 
Background was measured before and after each set. 
Measurement of the tail from adjacent U peaks was 
important except where the U beam was comparable in size 
to the Th beam. Where the U beam was several orders of 
magnitude greater and dying rapidly and unstably, the tail 
effect constituted a significant source of error. 
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ISO'rOPE DILUTION ANALYSIS OF RUBIDIUM AND STRONTIUM 
Chemistry 
The standard procedure for analyzing whole-rock Rb-Sr 
samples was used (Compston et al, 1965). Normally, one-
half gram of sample was weighed into a tared platinum 
dish and was dissolved in 10 ml of stock HF solution. The 
solution was evaporated to dryness and five ml of HF plus 
five ml of HClo4 added. The HF was evaporated at water 
bath temperature, followed by fuming of the HClo4 to 
dryness on a hot plate. The residue was dissolved in 2 .5 
N HCl and transferred to a tared 100 ml beaker. Separate 
aliquots for Rb and Sr were taken into tared, pre - spiked 
beakers. The beakers were prepared to receive 15 micrograms 
o am 1 , Rb anrl eight micrograms of sample Sr . The 
sp·ked solutions were then evaporated to dryness. Where 
low-level Sr •samples were analyzed, an appropriate weight 
of sample was taken to provide 15 micrograms of Rb and 
eight micrograms of Sr . 
Ion exchange columns were used to separate Rb and Sr 
from whole-rock solution. The Rb aliquot was dissolved in 
three to four ml o 1.0 N HCl and was loaded onto a JO cm 
column (1.2 cm internal diameter) of 16 gms Dowex No . 
SOW- 8, 200/400 mesh cation exchange resin. One hundred 
and eighty-five ml of 1 .0 N HCl was eluted through the 
column. The last JO ml contained most of the Rb and was 
collected and evaporated to dryness. Between samples, 
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the columns were cleaned by eluting first with 100 ml of 
6 .0 N HCl, then with 50 ml of demineralized water, followed 
by 50 ml of 1.0 N HCl~ 
Strontium was treated in a similar way. The dried 
sample was dissolved in three to four ml of 2.5 N HCl and 
loaded onto identical Dowex resin. Residues such as 
carbonaceous matter and K salts were centrifuged and the 
supernate was loaded onto the column. One hundred and 
fifteen millilitres of 2.5 N HCl was eluted through the 
columna The last JO ml (containing most of the Sr) was 
collected. Between samples, the columns were eluted with 
100 ml of 6.0 N HCl, followed by 50 ml of water and then 
with 50 ml of 2 . 5 N HCl. Low-level Sr samples which 
contained sufficient Kand Na to interfere with the normal 
calibration of the column, were spiked with a minute 
quantity of radioactive tracer, sr8 5. Fifty ml of eluate 
was collected in five 10 ml beakers and the activity of 
r
8 5 in each beaker was measured using an alpha counter. 
Strontium in the two most 'active' beakers was combined, 
eluted again through the column and collected in the normal 
way& 
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Mass Spectrometry 
Two solid-source spectrometers were used for analysis 
of Rb; a Metropolitan Vickers MS2-SG, six-inch radius of 
curvature, 0 90 sector mass spectrometer; and the MS-X, a 
similar spectrometer constructed around a modified 
Metropolitan Vickers M -2 analyzer tube. The former 
employs 2 kV accelerating potential; the latter, 6 kV. 
Both have a Craig-type source. Both utilize the magnet-
switching technique with a 1011 ohm leak-resistor in the 
Carey electrometer. 
trontium was analyzed with the 'Nuclide', employing 
the voltage-switching technique (Arriens and Compston, 
11 1968), with 6 kV accelerating potential, and a 10 ohm 
leak-resistor in the Carey electrometer. 
I. Rubidium 
Rubidium chloride was dissolved in one drop of water and 
loaded onto the side filaments of a triple-filament assembly. 
The liquid was evaporated, leaving the salt clinging to the 
filament. Rubidium was analyzed by magnet-switching between 
masses 85 and 87. With the centre filament set at about 
J.5 amps, Rb emission was built up and measured from each 
side filament, in turn. Two sets, each of 13 ratio 
measurements, were obtained from each side-filament emission& 
Background was measured at the beginning and end of each 
run. Tail correction was neglected. 
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II . Strontium 
In the same way as Rb, Sr chloride was loaded into a 
triple-filament assembly . With the centre filament set 
at about J . 9 - 4 . 2 amps and side-filament current of 
greater than 0.6 amps, Rb and Sr ion emission was obtained. 
Normally, the beam was measured on JV or 10 V range with 
a side-filament current of about 0 . 9 - 1.2 amps. 
Occasion lly 9 a high-temperature run required a side-
filament current of about 2 . 5 amps$ Standard procedure 
required that Rb be volatilized away to a low level before 
measuring the Sr-isotope ratios. The tolerance limit of 
Rb was set at Rb 87 = 1% of sr87 • Correction to the sr87 
peak was then small and uncertainty in the correction was 
very small (assuming that the Rb was of 'natural' 
composition) . Measurement of the isotopes was made in the 
following sequence : 
1 . static zero 
2 . dynamic zero 
J . 88/86 - 14 measurements 
4 . 86/84 - 14 measurements 
5 . 88/86 - 14 measurements 
6 . 85 3 measurements 
7 . 86/ 7 - 14 measurements 
8 . 85 3 measurements 
9. 88 / 6 - 14 measurements 
lOe dynamic zero 
11. static zero 
12. scan between masses 83 and 89 using chart 
recorder . 
Corrections or tail were determined from the spectrum. 
CHNIQO S 
luorescence 
An lysis by x-ray fluorescence employed a Phillips 
P . i . 1540 spectrometer . The method was that of Norrish 
nd Cha pell (1967) . The technique was used to obtain 
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m jar and trace element data from whole-rock samples and to 
p ov · de an estimate of Rb and Sr concentrations as a guide 
or isotope dilution analysis . 
race elements were analyzed from pressed-powder 
pelletse amples were prepared by pressing a disc of 
whole-rock powder -150 BS mesh) with a sleeve and piston 
apparatus. The powder was backed and supported by boric 
-2 
acid powder compressed at 1,000 lb in • Perspex mass-
ab orpt 'on slides were prepared for each sample, pressing 
bout 0.28 gm o accurately weighed powder into a 1/ 4 
inch standard diame er hole. 
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Major elements were analyzed from glass discs of one 
inch diameter. In this way, mass-absorption effects were 
minimized. Sample and flux were fused in a platinum-gold 
crucible in the proportion 1.7:0.28 by weight. The melt 
was poured onto a carbon disc and pressed with a hot carbon 
piston. The glass disc so formed, was annealed and stored 
for analysis. 
The powder pellets were analyzed for Rb, Sr and Ba 
using a Mo-tube, LiF crystal, scintillation counter and 
digital recorder. Rubidium and Sr were analyzed together. 
Peak positions were monitored for 200 seconds; background 
for 100 seconds at midwa y between and two peaks, and at 
the same angle from the two peaks on the extreme sides. 
A mass absorption correction was obtained by measuring 
the attenuation of the beam at the peak positions. Barium 
was likewise measured by the peak-to-background method, and 
corrected for mass absorption. 
The glass discs were analyzed in vacuo for silicon 
using a flow proportional counter. Silicon was measured b y 
100 second integration on the peak top. A standard sample 
was used to monitor drift. The abundance, as silica, was 
obtained from a working curve derived from analysis of 
U .S. G .. standard samples. 
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Gamma-ray Spectrometry 
Potassium, U and Th were determined using a 200 multi-
channel analyzer, gamma-ray spectrometer (Heier and Rogers, 
1963). About 450 to 550 gm of coarse-ground sample was 
packed in five-inch diameter perspex cylinders. The sample 
was placed on a five-inch Tl-activated NaI crystal. 
Potassium was determined from the K40 peak (1.47 Mev); U 
.214 208 from the Bi peak (1.76 MeV); and Th from the Tl peak 
Flame Photometry 
Potassium and Na were measured by flame photometry. 
Potassium was analyzed according to the method of Cooper 
et al (1966). For whole-rock samples about ~ gm was 
dissolved in HF, evaporated, and taken into solution with 
a standard quantity of H2so4 . The solution, with Li 
internal standard and Na-buffer added, was made up to 250 
ml volume. Sodium was analyzed in a similar way according 
to the method outlined in the Perkin Elmer manual. 
A Perkin Elmer Model 146 flame photometer was used to 
measure Kand Na. A comparative method was used whereby 
the concentration of the unknown (sample) was bracketed by 
that of two standard solutions. Measurement was done by 
alternate and repetitive readings of sample and standard 
solutions. 
INTRODUCTION 
CHA PTER 4 
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Analytical results are presented and discussed in this 
chaptero For ease of organization, some results are tabled 
in the following chapter (Geochemistry). All analyses 
were performed by the writer except where otherwise 
acknowledged. 
Mass - spectrometric data were processed using a computer 
program written by Turek (1966) and modified by Arriens (in 
Arriens and Compston 1968). The program is designed to 
calculate a mean value for each set of ratios, after 
rejecting those values which lie outside set limits of 
standard deviation and coefficient of variation. Corrections 
are made for zeros, for beam curvature and for tail (basal 
broadeni ng of the peaks). Uranium, Th and Rb values are 
calculated from the weighted mean average of two or more 
sets of ratios (weighted according to the square of the 
standard dev i a tions). In Pb and Sr runs the ratios are 
normalized t o a 'within-run' common time. For these runs, 
mass-dependent fractionation effects ma y be removed by 
normalization against a double-spike of known ratio. The 
results are finally eported as normalized ratios and 
calculated concentration v a lues . 
SPIKES 
The calibrations of U a nd Th spikes and STANDARD 
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RE ERE CE olution (see Chapter 3) are shown in Table 2. 
The esults for the U spike are discrepant by 0 . 9 per cent . 
Two l o ts o Th spike were used (A and B, respectively), the 
econd lot being about 50 per cent more concentrated than 
the first . The results for spike A are 0 . 5 per cent 
d crep nt; .those for spike B are about 1 . 3 per cent 
di crepant . The 95 per cent confidence limits, obtained 
by appl ing tudent's t distribution to the standard error 
of he mean(~) (Moroney, 1956, p.243), are listed in 
m 
Table 2 . The mean values were taken with no further 
calib ation or adjustment . 
As a check on the U spike calibration, the concentration 
o was determined in two U standards, samples 76 and 77 
ore, ob ained from Dr K . S. Heier and supplied by the 
U • • A . E . C . , ew Rrunswick Laboratory . The standards are 
m ture of duni plus U ore and are reported to contain 
9 + 4 µgm / gm and 11 1 µgm/gm (95% confidence limits), 
ep c ively . The analyses given in Table 2 fall within 
h con idence 1·m· s . 
TABLE 2 
Calibration Results for Uranium, Thorium and Lead Standards and Spikes 
BDH standard (3) 
u-005 standard (1) 
Spike vs BDH ( 1) 
A. Uranium 
Spike vs u-005 (1) 
Average spike value (2) 
U ore No 76 vs spike (1) 
U ore No 77 vs spike (1) 
U Concentration 
(µmol/gm) 
93.07 + 0.11 
3.c,07 
0.02222 
0.02204 
0.02213 
[tcr-m = :t o. 0008] 
0.4003 
[9 5 • 3 µgm/gm] 
o. 04278 
[10.2 µgm/gm] 
B. Thorium 
BDH standard (3) 
Spec-pure standard (2) 
Spike A vs BDH (1) 
Spike A vs Spec-pure (1) 
Average spike value (2) 
Spike B vs BDH (1) 
Spike B vs Spec-pure (1) 
Average spike value (2) 
Numbers in parentheses represent the number of analyses 
c. Lead (Analyst J .A. Cooper) 
atom ratios 
Th Concentration 
(µmol/gm) 
15.20 :t 0.15 
3.924+ 0.030 
O. 02146 
0.02136 
o. 02141 
~O"m = :!: 0. 0006] 
0.03362 
o. 03407 
0.03384 
[term = :!: 0. 0029] 
208/206 207/206 207 /204 207 ( µm·o1/ gm) 
-
UBC 1 calibrator 2:2288 
Spike A 1.8938 
S pike R 1.8765 
0.9617 
37.158 
36.751 
15.413 
16.183 
6. 0429 
0.1934 
0.1339 
co 
co 
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Lead spike was prepared and calibrated by J.A. Cooper 
of this a~oratory. Two lots of spike (A and B, successively) 
were used. They were calibrated according to the values of 
UBC#l Pb st ndard (with an adjusted 208 / 206 ratio) given 
by Kollar et al (1960, p.755). The spike compositions are 
given in Table 2o 
ISOTOPE DILUTION ANALYSES FOR URANIUM, THORIUM AND LEAD 
Uranium and Thorium 
The results for U and Th abundance are listed in Table 
3. The alues are given to five decimal places, but the 
number of figures bears no relationship to estimates of 
confidence. 
There are no duplicate analyses, in the strict sense. 
However, to gauge the amount of U and Th (and Pb) remaining 
in the insoluble residue after the acid-dissolution, sample 
GA 3374 (which contains a moderate amount of zircon) was 
re-analyzed, without treating the residue. The analysis , 
given in Table 3, duplicates the previous whole-rock 
mea urement to within experimental error. Zircon generally 
contains more than 200 µgm/gm of U and of Th (e.ge Ahrens 
et al, 1967). Assuming an average U-content of 500 µgm/gm 
in zircon, and an a erage zircon content of 0.05 per cent 
by weigh in granitic rock, the amount of U contained in 
TABLE 3 90 
Estimates of Pb 
U, Th and Pb Content, and 
Contamination and 206/204 Measurement Error 
u Th Pb (µmol/gm) % 206/204 Error GA No. (%) * (µmol/gm) (µmol/gm) Uncorrected Corrected Contam. + 
us SP · 
KALKADOON 
3371 . 0 2482 .12892 . 14 56 7 • l .5481 1.39 .08 .10 
3372 .00332 .06671 .06853 2 .67 .09 .68 
3376 .01825 .06931 .09973 .09771 1.23 • 6 7 .55 
3376F .02133 .10508 1.06 .18 .07 
3377 • 006 98 • 07 54 3 .07389 • 071+46 2.60 .10 .14 
3378 .02101 • 08 9l~ 3 .1e;o15 .1504 3 1.20 • 6 7 .08 
3379 .03923 .28855 .23193 .22590 0.85 .11 .Jl 
3380 .Oh446 .1 71+ 18 . 27698 .27584 0.63 .54 .64 
379 .01281 .06888 .06115 .06297 2.55 .15 • 04 
Coarse f:.ranite SYAF,LLA 
3373 .03035 .10540 .16771 1.07 .13 
3374,, .030R6 .15310 .l _t:;644 .1594 9 1.34 .10 .08 
3374 ';, 
.03080 .1e;507 .1 .5873 .15985 2.08 .20 .26 
J374F .07R77 • 2414 2 • 24 _i:;29 o.67 .22 .05 
3375 . 0264 O .13664 .136 _e;o .14 972 1.22 .19 .18 
3375F .021+25 .14 310 .13197 .13378 1.53 • 06 .05 
3381 • 0324 5 .1134 9 .13260 .13362 1.38 .J2 .46 
3382 .01785 .11660 .08106 .08195 2.35 .55 .40 
3384 .03099 • 09948 .14 340 .14 390 1.14 .08 .36 
586 .02e;89 .09602 .17963 0.83 .40 
Microgranite/Pegmatite 
3383 .05293 .1794 J • 04 599 • 04639 3.99 .22 .16 
3386 .02089 .07854 . 09048 .08929 1.92 1.15 .4 9 
3389 .00013 • 518 74 0.58 .18 .26 
TUFF MARKER BEDS 
3392 .01520 .05683 • 054 54 • 05641 3.27 .05 .07 
3393 .01684 .06462 .05815 .05984 3.50 .22 .10 
3394 .01423 .03957 .10389 .10571 2.28 .05 .05 
3396 .01681 .06523 .13555 .13707 l.6J .07 .OJ 
EASTERN CREEK VOLCANICS 
3397 .01230 .03793 .104 97 .10558 1.61 1.79 .06 
3398 .00367 .02313 .03009 2.68 1.16 
3399 .00589 .02 _51+4 • 204 27 .20177 o. 78 .11 .08 
3400 .00581 .02050 .20266 .20192 o.86 .21 1.80 
3401 . 0034 J .02035 .05667 • 05741 2 .4 7 1.01 .28 
3402 • 01814 .07089 • 07894 .07888 1.32 .66 .25 
+ Based upon the estimated total Pb reagent blank of 2.1 µgm. 
:t The within-run standard deviation for each unspiked (us) 
and spiked (SP) run. 
~~ Duplicate 
F Sieved fraction 
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the zircon per gram of rock is 0.25 micrograms (similarly 
for Th). In an average granitic rock this amounts to five 
to ten per cent of the total U-contento The re-analysis 
of GA 3374 illustrates that effectively all of the U and 
Th (and Pb) contained in the insoluble residue had been 
leached from the residues by the HF - HC104 acid treatmente 
Although such was the case for that sample, the insoluble 
residues were not neglected in succeeding treatments. 
Without further experimentation there remained the 
possibility that the retentivity of U and Th (and Pb) 
during acid treatment depended on the physical state (e~g. 
the degree of metamictization) of the zircons, etco 
Principal sources of error (apart from the uncertainty 
in spike calibration) include contamination, measurement 
error and isotopic fractionation. A determination of 
-6 
reagent contamination gave blanks of 5 x 10 and 1.4 x 
micromoles of U and Th, respectively. With the present 
Th spike, it was difficult to obtain a confident estimate of 
contamination. The proportion of Th2 32 in the spike (about 
12 per cent) was overwhelming with respect to the amount of 
reagent contamination. Thus, the magnitude of analytical 
error . was large compared with the change in spike ratio due 
to the additional contamination-Th. The writer prefers 
to disbelieve the analysis and to rely instead on the 
92 
contamination as having a normal crustal Th/U ratio. If so, 
the Th bl ' nk should be no more than about 5 x 10=5 micromoleso 
By adding one drop of U sp·ke to five millilitres of the 
Th spike the amount o f U in the Th spike was determined 
to be negligible. It is assumed that the converse · is true. 
o co rections wer e m de for contamination. 
Mea uremen error and isotopic fractionation provided 
most o the analytical error o Table 4 illustrates the 
following s 
lo precisional uncertainty in a good U run (3378), 
a moderately good U run (3378 duplicate), a good 
Th run (3396) and a poor Th run (3378) 
2. Within-run fractionation [3378, (238/235)] with 
progressive enrichment in 238 with time (i.eo 
progressing from set one to set three). 
3. Duplication of a U run, whereby the discrepancy 
o the two men ratios is attributable to 
rac ionation . 
Measurement erro , as determined from the root-mean-square 
95 pr cent confidence limits of the measured ratios 9 
amoun s to less than 0.25 per cent in normal U analyses. 
In Th anal ses, the error ranges from 0.2 to 2o0 per cent, 
depending mainl on beam intensity. In the duplicate U 
measurement, fractionation of 0.4 per cent is evidento 
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TABLE 4 
Examples of Mass Spectrometric Precision in U and Th Analyses 
Sample Set Ratio 
GA 3378 1 1.03021 
(238/235) 
2 1003101 
3 1.03162 
Weighted Mean Ratio 1.03095 
GA 3378 ., 1 1 .. 02648 
(Duplicate Run)-;, 
2 1.,02705 
Weighted Mean Ratio 1 .. 02703 
GA 3396 
(232/230) 
1 
2 
2 .1354 7 
2 .13452 
Weighted Mean Ratio 2.,13491 
GA 3378 
(232/2 30) 
1 
2 
2.71909 
2.66563 
Weighted Mean Ratio 2.68734 
SD Cft .. Var. % Dev'n. 
0.00018 0 .. 0178 -0007206 
0"00030 Oe0289 0000527 
0.,00018 0.0171 o. 064 94 
0.00153 0 .. 1488 -0.05311 
0 .. 00030 
0.,00272 
0 .. 00227 
0.,02061 
0.,01704 
0 .. 0290 
0.1273 
0 .. 1061 
0.7579 
0.6393 
0 .. 00204 
0.02618 
1 .. 1814 5 
-0.80791 
-;~ Sample reloaded from the same precipitate 
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Fractionation probably rarely exceeds 1.0 per cent. Crouch 
and Webster (1963) point out that if the calibrators and the 
unknowns have similarisotopiccompositions, then with standard 
machine conditions (providing similar expected fractionation), 
fractionation errors tend to cancel out. Thus, the precision 
(95 per cent level) of U analyses is estimated to be about 
+ 1 per cent. Fractionation error in Th analyses is possibly 
larger because of the tenous conditions of high temperature 
and rapid evaporation during measurement. The precision of 
Th analyses is estimated to be+ 2 per cent for normal runs. 
Whole-Rock Lead 
The analyses for Pb abundance are listed in Table Je 
Pb . t . t . d d . 2 JS /Pb 2 04 For -iso ope composi ions an correspon ing U , 
u2 35/Pb 2 04 and Th2 3 2 /Pb 2 04 ratios, two sets of results are 
presented. Table 5 lists results calculated from Pb-isotopes 
that are uncorrected for fractionation. 
Table 6 are corrected for fractionation. 
two-fold presentation is discussed below. 
The results in 
The reason for the 
Contamination, tail, measurement error and fractionation 
constitute principal sources of error. The amount of reagent 
Pb contamination, determined by a blank measurement, was 
subtracted from each analysis. The blank determination 
measured 2 .1 micrograms of Pb. An unspiked measurement of 
the pooled Pb-isotope composition of Pb extracted during 
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purification of the reagents, gave the following result; 
This result excludes 
the Pb contained in the dissolution acids. Measurements 
by L.P. Black (of this laboratory) illustrate that most of 
the reagent contamination is contributed by the dissolution 
acids. Lead contained in the reagents is probably common 
Pb, not much different in composition from present-day common 
Pb (e . g. Pb in pelagic sediments, Chow and Patterson, 1962). 
Lead contained in the dissolution acids is possibly close in 
composition to that contained in the other reagents 
(particularly if all are produced within the same locality 
or by the same manufacturer). For the present purpose, the 
reagent contamination was assumed to be constant and to be 
identical to the composition above. Knowing the total amount 
of Pb in each analyzed sample, the proportion of reagent 
contamination was calculated and subtracted. The proportions 
are given as percenta&es in Table 3 for all samples. 
Correction for tail (Cooper and Richards, 1966b, p.60) 
involved a small, but significant subtraction from each peak 
206 204 . 
which rarely affected the Pb /Pb ratio by more than 
0.05 per centG However, such differences affect the 
programmed correction for fractionation, so that tail 
corrections were made with care. 
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The quality of the results, both corrected and uncorrectec 
for fractionation, can generally be gauged from the precision 
of measurement. Cooper and Richards state (1966b, p.62) that 
the measurement error in good Pb runs is about 0.1 per cent 
for the Pb 206 /Pb 204 ratio, at the 95 per cent confidence 
level. The precision of measurement (95 per cent level) of 
the Pb 206 /Pb 204 ratio for the unspiked and spiked analysis of 
each sample is listed in Table J . There is a wide 
variabilitv in the measurement uncertainty, exceeding one 
per cent in five cases. There is little overall distinction 
in the uncertainty between unspiked and spiked analyses, 
despite the increased relative abundance of Pb 204 in the 
latter . Taken in groups, the Tuff Marker Beds analyses are 
the most precise; the Eastern Creek Volcanics analyses are 
the least precise . 
In a set of good runs, isotopic fractionation is 
variable over a range of about 0 . 25 per cent for the 
Pb 206 /Pb 204 ratio (Cooper and Richards, 1966b, p.62). The 
maximum expected limits of fractionation for normal, solid-
source measurement conditions can be assessed from various 
replicate isotopic measurements of Pb samples, reported in 
published literature. Tatsumoto (1966, p.1723) reported 
seven replicate measurements of the C.I.T. Shelf Standard, 
which gave a spread of 0 . 52 per cent in the ratios of two 
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mass units separation. The mean value was given as; 
204:206:207:208 = 1:16.744:1~.638:36.822 (cf. Table 8). 
Doe et al (1965) reported values for the same standard which 
gave a spread of 0.59 per cent in the ratios of two mass 
units separation. Compston and Oversby (1968) reported 
eight replicate analyses which have a spread of 0.65 per 
cent for two mass units separation. 
It is now known that most solid-source Pb measurements, 
including the foregoing, are fractionated by a mean value of 
about one per cent (see Catanzaro et al, 1968). However, 
in this study, all analyses (including the spike calibrations) 
are related to the Broken Hill Standard. Cooper and Richards 
(1966b) have shown that solid-source Pb oxalate runs correspond 
well with the precise gas-source analyses of the Broken Hill 
Standard. Thus, if the spread of fractionation is 
approximately centred about the 'best' value, as related to 
the Broken Hill Standard, then most measurements are probably 
fractionated within the limits of+ 0.5 per cent of the 
'best' value. Coupled with an extreme measurement error of 
_ 1.0 per cent, the max i mum uncertainty of an unspiked 
206/204 ratio should rarely exceed 1.5 per cent. The error 
compounded in 207/204 and 208/204 ratios should rarely 
exceed 2.0 per cent. 
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With the double - spike technique, the correction for 
fractionation involves a cyclic succession of approximations, 
utilizing, and alternately correcting, each paired unspiked 
and spiked analysis. Both analyses are assumed to be 
fractionated according to a mass-dependent model and each 
is corrected to an approximately true composition. The 
procedure is strictly valid only where the measured isotope 
ratios deviate from the best value in accord with the 
fractionation model, and where the sample/contamination 
ratio is constant between the unspiked and spiked analyses. 
The first proviso can be violated where the uncertainty of 
measurement of one or more of the ratios becomes significantly 
large, or where extraneous peaks (e.g. hydrocarbons) included 
within the Pb spectrum alter one or more of the ratioso 
Internal inconsistencies are evident in some data, both in 
the 'absurdities' of some corrections for fractionation and 
in the manner in which some results plot on diagrams. 
the two-fold presentation of results (Tables 5 and 6) 
Thus, 
provides a comparison of the uncorrected and corrected data. 
The four analyses omitted from Table 6 (GA 3373, 3376F, 
586, 3398) appear to have suffered contamination in the 
spiked analysis. Normal circumstances provide that the 
Pb 208 /Pb 206 ratio changes very little between the unspiked 
and spiked analysis (with the present spike composition). 
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TABLE 5 
U/Pb, Th/Pb and Pb/Pb Ratios, Uncorrected for Fractionation 
GA No. U238 /Pb204 ·U235 /Pb204 Th232/Pb204 Pb206 /Pb204 Pb207 /Pb204 Pb208 /Pb204 
KA LKADOON 
3371 13.70 0.0994 71.71 23.771 16.401 41. 064 
3372 3.46 0.0251 16.R76 15.592 37 .446 
3376 15.11 0 .1096 57.79 24. 735 16. 4 90 l~l.837 
3J76F 17.00 O .1234 25.305 16.596 42.731 
3377 7. 6 .'.i 0.0555 83.24 20.530 16.206 I+ 5 • 034 
3378 10. 8:2 0.07R5 h6.38 20.263 16.153 41. 294 
3379 14 • 1/~ 0.1026 104. 7 5 20.809 16.295 4 7. 012 
33RO Vi. 89 0.1081 r:;8. 77 32.810 17.619 4 3. 048 
379 16.95 0.1232 91.94 22. , ... 8 5 16.100 lj. 3. 2 54 
Coarse Granite SYRF,LLA 
3373 14 .1 2 0.1025 49.41 21.237 16 .141+ 41.416 
33 74 ~~ 15 .84 O.llli9 79.13 21.507 16 .146 43.417 
3374 I 15. 68 0.1138 79.50 21.652 16.231 4 3. 71,~. 
J374F 27.66 0.2007 24. 231 16.503 44.930 
3375 15.86 0.1151 82.68 21.575 16.442 l~4.811 
3J7 _5F lJ.00 0.1008 82.59 19. Bl+ 8 16.019 4 o. 441 
3381 20.08 O. lli 5 7 70. 74 22. 774 16. 34 9 liJ.771 
3382 18.82 0.1366 123.87 23.303 16.370 46.730 
3JR4 17.25 0.1252 55.79 21. 84 2 16.275 42.177 
586 11.11,. 0.0808 41.61 20.816 16.363 , ... O. 8 32 
Microgranite/Pegrnatite 
3J8J 232 .h 9 1.6872 793.93 82.924 22.130 100.503 
JJ86 J 8. 7 J o .1 JG 7 70.8 5 22.679 16. 36 9 !,1.2. 790 
3389 0. 0;2 0.0001. 17.6RO 1 r:;. 8Jl J7.026 
TTTFF MAR KRn nv.ns 
JJ92 20.86 0.1511+ 78 • . 55 19.813 15.839 39.R65 
3393 22.00 O.J. _r:;97 85.08 20. I+ _50 1_5.931 40.323 
3394 9.59 O. 0696 26.84 17. 54 7 15.677 J7.Jlh 
3396 8.85 0. 06L, 2 Jl+ • . 5 9 18.098 1_5.801 J8.068 
EASTERN CREEK VOLCANICS 
3397 8.61 0.0624 26.93 19.256 16. 04 O J8.790 
'.3398 9 ., ... 9 0.0688 60.21 21.217 15. 76 7 41. 50lt 
3399 2 .00 o.ou~s 8.70 16.816 15.755 37.Jll 
3400 1.97 O. 014 3 5.37 16.735 15.589 36.818 
J/101 ,_....39 O.OJ18 26.23 18.353 15.805 38.676 
31+02 18. 611 0.1353 7J.37 22.074 16. 34 7 ,_...3.168 
~:- Duplicate 
F Sieved fraction 
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TABLE 6 
U/Pb, Th/Pb and Pb/Pb Ratios, Corrected for Fractionation of Pb 
KALKADOON 
3371 12.91 0.0937 67.56 2J.789 16 .l-4-21 41.131 
3372 1.40 O. 024 7 16.982 15. 740 37.921 
3376 15 .40 0.1118 58.90 24. 7 50 16 .l-4- 58 41. 741 
3377 7.60 0.0552 82.71 20. 546 16.224 45.103 
3378 10.67 o. 0774 45.73 20.136 16.002 !-4-0. 786 
3379 ll-1- .19 0.1030 105.14 20. 54 3 15.983 4 5. 682 
3380 14. 90 0.1081 58.79 32.729 17.555 42. 840 
379 17.18 O .124 7 93.06 22.972 16.621 45.115 
Coarse Q-ranite SYRELLA 
3374 ;~ 15.57 0.1130 77.81 21. 540 16.184 43.553 
3374' 15.70 0.1139 79.63 21.644 16.262 4 3. 787 
3374F 29.36 0.2131 25.310 17.597 48.869 
3375 14. 25 O .1034 74. 28 21.353 16.191 43.900 
3375F 13·. 99 0.1015 83.13 20.098 16.322 41.4 58 
3381 20.09 O .14 58 70.76 22.886 16 .4 71 l-1-4. 205 
3382 18 .4 3 0.1338 121.29 23.124 16.212 . 46.187 
3384 17.07 0.1239 5_e;.20 21.745 16.168 41.803 
Microgranite/Pegmatite 
3383 231.11 1.6771 789.18 83.037 22.191 100.846 
3386 18.60 0.1350 70.46 22.415 16.082 41. 800 
3389 0.02 0.0001 17.536 15 .641 36.444 
TUFF MARKER BEDS 
3392 20.27 O .14 71 76.31 19.874 15.913 40 .109 
3393 21.43 0.1555 82.86 20.481 15. 941 40.448 
3394 9.48 0.0688 26.55 17.617 15.770 37.611 
3396 8.79 0.0638 34. 35 18 .143 15.861 38.258 
EASTERN CREEK VOLCANICS 
3397 8.52 0.0619 26.48 19.213 15.986 38.618 
3399 2.01 O.Ol!.i6 8.73 16.727 15. 6 34 36. 928 
3400 2. 04 0. 014 R 7.26 17.010 15.976 38. 034 
3401 4. 38 0.0318 26.16 lR.470 15.954 39.162 
3402 lR .40 0.1335 72 .41 21.R83 16.135 42 .430 
+ Samples 3376F, 3373, 586 and 3398 have not been included. 
See text. 
;~ Duplicate 
F Sieved fraction 
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Any change in the 'spiked' ratio 9 outside the normal limits 
of fractionation j should be predictable from the relative 
quantities and ratios of sample and spike Pb . If the 
208/206 ratios for the paired analyses differ by more than 
about one per cent, the difference may reflect contamination 
of one of the two analyses by a contaminant of isotopic 
composition different th neither spike or sample Pb . 
Table 7 illustrates the diffe ences between 'normal' and 
'contamina·ed ' analyses . The percentage difference between 
the 2 08 /2 06 ratios o unspiked and spiked analyses are given, 
along with the car esponding 2 07 /204 ratios 9 uncorrected 
or fractionation and 2 07/204 ratios, corrected for 
fractionation . The latter 2 07/2 04 ratios are 'absurd' for 
the contaminated samples . The approximate amount of 
contamination was calculated assuming a known contaminant 
(reagent blank) and assuming an identical Pb 2 08 / Pb 2 06 ratio 
for bo h uns piked and spiked analyses . The contamination 
in all our samples was calculated to be 10 to 15 micrograms 
(amounting to 1 5 to 20 per cent contamination) . 
To illus rate the sense and amount of change in the 
correction or fractionation caused by uncertainty of 
measurement or by contam·nation, a hypothetical nalysis 
was contrived . The i otopic compositions were chosen to 
approximate the pike, average sample and contaminant 
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TABLE 7 
Examples of 'Normal' and 'Contaminated' Lead Analyses 
Sample 
3376 
3378 
3380 
3381 
3382 
3393 
3376F 
3398 
3373 
586 
208/206 208/206 207 /204 207 /204 
(unspiked) (spiked) % diff. (unspiked) (corrected)-;~ 
1.6964 
2.0396 
1.3159 
1.9254 
2.0092 
1.9787 
1. 6 930 
1.9625 
1 . 95 24 
1 . 963 2 
NORMAL 
1.7108 +0.85 
2 . 0342 -0 . 26 
1.3174 +0.19 
1.9310 +0.29 
1.9983 -0.54 
1.9601 -0. 94 
CONTAMINATED 
1.8368 +8.5 
2 .0713 +5.6 
2 .0057 +2.7 
2.0020 +2.0 
16.480 
16 .14 6 
17.603 
16. 34 3 
16.352 
15.924 
16.586 
15.909 
16.156 
16. 304 
~~ Corrected for ' fra ctiona ti on' 
16.444 
16.000 
17. 540 
16.463 
16.333 
15.961 
20.103 
18. 784 _, 
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compositions .. The sampl ~ (composition; 204 : 206 : 207 : 208 
1 : 25 : 16 . 5 : 43) is plotted in Figure 5 an x-y' diagram 
which shows a ractionation line, and lines for contamination 
and measurement error, all passing through the sample 
p ositiono The lines are enumerated as follows : 
le fractionation line according to mass-de p endent 
mode (see Doe et al, 1966 , p.466) (slo p e = 0 . 99) 
2 o measurement error in 2 06 /2 04 ratio • one per cent 
in the unspiked me asurement~ 1 per cent in the 
spiked measurement, where the error in each is in 
the opposite sense (slope= 0.82) 
J . as in 2 . , where the error in each is in the same 
sense (slope : 0 . 60) 
4 . 1 2 04-error ' line, in unspiked measu ement only 
(slope= o . 66) 
5 . contamination line showing 1, 2 and 5 per cent 
contamination of the unspiked analysis (slope= 
6 . as in 5 . ~ where the spiked analysis is contaminated 
(slope = 0 . 99) o The slope is virtually coincident 
with that for fractionation .. 
An ' x-z' plot would e hibit similar trends. 
"'¢ 
0 
N 
..D 
~ 
" ........___ 
0 
N 
...0 
~ 
17 
16 
24 
5o· · 
[Il_ .... ····· 
25 
Pb 206 / Pb 204 
Figure 5 . An "x-y" plot illustrating tht:: deviations 
from a hypothetical true value ~ , as seen in values 
"corrected" for fractionation, r esulting from various 
effects of measurement error and contamination . See 
text for explanation. 
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Additional Lead-Isotope Analyses 
Se era Pb-isotope analyses, supplementary to whole-
rock analyses , are presented in Table 8. One unspiked 
analy is o the C.I.T. tandard is presented~ The average 
of four mea urements, u sing the oxalate technique reported 
by Coope and Richards (1966b , p.62) , is given for 
comparison. The present measurement was not a particularly 
good run but nonetheless, it is in good agreement with the 
previous resultso 
sotopic analyses a e reported for microcline (3375M) 
separated from a sample of Sybella granite for pegmatitic 
feldspar (3389) for a Pb =rich Tuff Marker Beds sample (338 5), 
and for a minute grain of galena (Pb 267) separated from a 
veinlet of calcite which cuts the Eastern Creek Volcanics. 
The measurements, both uncorrected and corrected for 
fractionation (except for 3385), are shown, illustrating 
ypical degrees of iso topic adjustmento GA 3389 was 
analyzed t ice; fist as untreated, crushed perthitic 
microcline , and econdly as separated micro cline which wa s 
acid-wa hed p · or to analysise Although more than twice 
the amoun of Pb is contained in the former, the isotopic 
compositions are similar in both analyses. Two within- run 
measurements (206/204 on 100 m scale and later , on 1 V 
scale) are included in Table 8 to illustrate the agreement 
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TABLE 8 
Additional Pb-Iso tope Analyses 
Sampl e Total Pb 206/204 207/204 208/204 (µmol/gm) 
C.I.To Shelf Stdo 160788 15.707 370019 
(this study) 
c. . T. helf Stdo 160784 15.706 36.988 
(avg. Cooper and Richards) 
Reagent Contaminant 17.176 150766 37.602 
GA 3375 ( a ) 16.735 15.672 36 0 941 
(b) 16 0 74 0 15.678 360962 
Pb 267 ( a ) 160516 15 .. 662 360517 
(b) 16 .. 532 150685 36 .. 588 
GA 338 9~~ ( a ) 17.556 15 .. 836 37 .. 171 
(b) 17.544 150820 37.120 
GA 3389 100 mV ( a ) 17.699 15.853 37.114 
(b) 17.536 15. 6 34 36. 4 32 
GA 3389 1 V ( a ) 17 .. 6 76 15.829 370027 
(b) 17.536 15. 641 360444 
GA 3385 (a) 16.430 l5e693 36., 742 
( a ) 
(b) 
Un corrected for fractionation 
rorrected for fractionation 
ot acid- washed 
1.0826 
005126 
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between low intensity an moderately-high intensity beams. 
The corrected 206/204 vale or the acid-washed sample is 
decreased by almost one per cent . According to the previous 
discussion of fractionation 9 this is an overly large 
correctiono The co rection for the untreated sample is 
minimalo Also ) the uncorrected values for both within-run 
measurements for the acid-washed sample agree closely. Thus 9 
the unspiked alues for the acid - washed sample are preferred. 
The Rb and r i otope dilution analyses, obtained fo 
the Gr n ' tes and fo the Tu Marke Beds re given in 
T bles 9 and 10 9 respectively. Sever 1 analy es taken from 
Richards (1966) and om Arriens et al (1966) are included 
in Table 9 . The Rb and Sr content and the ratios; 
RbR?/ ... r R6 and r87; 86 listed. The natural constant r are 
Rb85/Rb87 2 . 6 used in computing Rb 87/sr 86 ratios. All = was 
isotopic analyses were normalized to an 88 / 86 value of 
8 . J75 (86/88 of 001194). 
The precision of measurement o Rb 87/sr86 and of 
86 
r was discussed by McIntyre et al (1966, p.5460). 
Two dupl"ca e hole - ock an lyses (GA J 8 , JJ86), given in 
Table 9 , agree on the a erage, to within .1 per cent for 
Rb87 / 86 r nd o wi hin 0 . 1 per cent for sr87; r 86 • A 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
GA 
G 
GA 
GA 
G 
GA 
G 
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TABLE 9 
Rb/Sr Isotope Dilution Analyses for Granites 
Common Total 
Rb87/sr86 Sr87/Sr86 amp e Rb Sr Sr 
(µgm/gm) (µgm/gm) (µgm/gm) 
SYBELLA MICROGRA ITE/PEGMATITE 
338r 209 . 7 38 . 58 39 . 98 
3385 327 . 1 35 . 20 37 . 33 
3386 263 . 8 43 048 45 . 24 
3386 Dup. 266 . J 43 . 1 45 . 17 
338 7 3-2 . 7 75 . 65 77 . 91 
338 7~~ 7_s . 67 77 . 93 
389 627 . 5 15 . 01 18 . 93 
SYBELLA GRANITE 
3373 291.1 8 2 . 23 84023 
3374 283 . 5 103 . 69 105.66 
3375 196 . 0 28.08 29 . 40 
3381 262 01 69 .. 66 71.48 
3382 16 ~. 0 24 0 . 92 24 2. 28 
3384 270 . 5 104 . 59 106 . 4 7 
3384 Dup .. 269 .0 105 . 21 107 . 11 
530 183 . 183.7 184 . 9 
586 256 . 4 71 . 18 72.82 
KALKADOO GRANITE 
3371 262 . 5 68. 91 70 .88 
3376 181 .. 0 129 . 41 130.,89 
3377 161 . 5 25 0.54 251 .8 7 
3378 239 . 0 255 . 76 257 070 
3379 274 . 5 181 . 80 183 . 98 
3380 235 . 3 162 . 95 164 .82 
126 228 . 9 233 . 9 235 . 5 
172 192 "0 211 . 5 212 . 9 
378 203 . 5 203 . 2 204 . 6 
379 172 . 0 92 . 1 93 . 3 
584 469 . 0 43 . 7 
~~ Duplicate t ontium measurement 
Anal ses aken from Richards (1966) 
15 . 68 1 00 712 
26 .80 1 . 3175 
17 . 51 1 . 1130 
17 . 70 1 .1146 
12 . 31 1 . 0046 
12 . 30 1 .0058 
120 . 62 303662 
10 . 21 o. 9484 
7.89 O., 8942 
20 .14 1 . 1801 
10 .8 5 0 . 9670 
10976 Oo7575 
7 . 462 0.8839 
7 . 376 o.8837 
2 .8 70 0.7803 
10 . 37 0 .. 9509 
10 .. 99 0.9912 
4 . 035 0 . 8170 
1 .8 59 0.7544 
2 .. 697 0 . 7775 
4 . 356 0 . 8222 
4 . 166 0.8175 
2 . 8 7 0 . 7810 
2 . 613 0 . 7756 
2 . 883 0 . 7806 
5 . 37 0 0 84 26 
30 . 99 1 . 4 973 
Ewen Granite anal sis taken from Arriens et al (1966) 
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TABLE 10 
Rb /S Isotope Dilution n alyses for Tuff Marker Beds 
Common Total 
Rb87/Sr86 Sr87/Sr86 Sample Rb Sr Sr 
(µgm/gm ) (µgm/gm) (µgm/gm) 
GA 2301 106 . J 17 . 13 17 . 79 17 . 91 1 . 0932 
GA 2310 52 . 01 27 . 51 27 . 79 5 . 456 0 . 8038 
GA 2311 103 . 1 12 . 22 13 . 06 24 . 35 1 . 3999 
GA 2315 14 7 . 3 8 . 228 9 . 059 51 . 65 1 . 7312 
GA 2319 140 .8 17 . 38 18 . 24 23 . 36 1 . 2001 
GA 2319L 158 . 0 9 . 135 10.03 9 . 80 1 . 6805 
GA 2321 118 . 1 8 . 334 8.995 40 . 90 1.5099 
GA 2321L 134 . 6 2 . 399 3 . 126 161 . 85 3 . 794 7 
GA 3392 119 . 8 12 . 51 13 . 22 27 . 62 1.2815 
GA 3392L 130 . 4 5 . 513 6 . 237 68 . 25 2 . 0428 
GA 3393 113 . 6 18 . 48 19 . 18 17 . 74 1 . 0865 
GA 3396 101 . 1 18 . 44 19 . 05 15 . 82 1 . 0383 
GA 3396L 125 . 9 5 . 671 6 . 367 64 . 07 1 . 9535 
L Leached residue 
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duplicate Sr mea urement ( able 9) from a reloaded chloride 
sample sho s close greemente The routine contamination level 
in this laboratory was repor ed by Compston et al (1965, 
p.1089). Strontium contamination is of most concern. The 
lower limit of sample size, below which standard contamination 
becomes ignificant 9 is about five microg ams per dissolution 
(Mc n yre et al, 1966 p.5461)0 A 1 s mples analyzed in this 
study e ceeded that V Uee 
Four samples o the Tuff Marker Beds were selected for an 
acid-leach experiment (see Bofinger et al, 1968). Soluble 
carbonate was disso ved in warm leO N HCl over a period of 
6 hourso The insoluble residues were reco ered~ washed 
with distilled water, dried and isotopically analyzed for 
Rb and Sr according to the whole rock method (see Chapter J)o 
The results are recorded in Table 10~ The soluble portions 
were not nalyzed. Table 11 shows, for each sample, the 
weigh -1 s 
dissolved. 
ter treatment and the percentage of material 
The Rb and Sr concent tions for the soluble 
matte (Table 11) were calcul ted, according tom ss b lance
9 
knowing the concentr tions in the whole - rock nd the 
insoluble residue potion e 
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ABLE 11 
Resul so Acid-Leach E periment on the Tuff Marker Beds 
Sample ~ o . 3419 2321 3392 3396 
weight of sample (gm) 4 . 0719 4 . 1440 3. 9895 3.9923 
weight of insoluble residue (gm) 3 . 5986 3 . 5429 3 . 5799 3 . 1715 
difference 0 . 4733 o . 6011 0 . 4096 0 . 8208 
% dissolved 11 . 6 14 . 5 10 . 3 20 . 6 
µgm/gm Rb (calculated) 
µgm/gm r (calculated) 
OTHER RESULTS 
- ray Fluorescence Results 
8 . 6 
80 . 9 
21 . 2 
43 . 6 
27 . 3 
74 . 2 
5 . 1 
68 . 0 
X- ray fluorescence analyses for Rb , Sr , Ba and Si are 
listed in Table 13 (Chapter 5) . The accuracy of Rb and Sr 
analyses is generally better than~ 2 per cent . The machine 
reproducibility, determined by replicate analyses, is about 
~~per cent (J. Worden, this laboratory). The machine 
reproducibility or Ba analyses is generally better than 
3 per cent . 
There is a consistent bias between the x-ray fluorescence 
( ) an · sotope dilution (ID) analyses for Rb and Sr, 
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whereby the latter gives higher values. The same was found 
by Peterman et al (1968), who fitted a curve (which was 
nearly a straight line) to a plot of Rb/SrXRF versus 
Rb/SrID• Figures 6, 7 and 8 are plots of the x-ray 
fluorescence results versus isotope dilution results obtained 
in this study, for Rb, Sr and Rb/Sr. A visual fit of 
straight lines passing through the origin gives slopes 
0.93, 0.97 and 0.98, respectively. An explanation for the 
bias is outside the scope of this study. However, factors 
such as spike calibration and evaporation during weighings 
in the isotope dilution technique, or resolution problems 
in the x-ray fluorescence technique, may account for such 
a biase 
Silicon was determined as silica by direct chart 
conversion of counts per unit time to per cent Si02 • The 
chart (Figure 9) was prepared from the best values (Flanagan, 
1968) for u.s .G. S. standards, G-1, G-2, GSP-1, AGV-1 and 
W-1, which were analyzed contemporaneously with the unknowns. 
The working curve is drawn as a straight line in the region 
of 50 to 80 per cent Si0 2 • Except for the Tuff Marker Beds, 
inter-element interferences should be similar to those of 
the standards. The precision of the analyses is gauged to 
be better than+ 1 per cent. 
300 
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Figure 7. Plot of SrYllF versus Sr10 . The isotope dilution 
values are consistentry higher than corresponding x-ray 
fluorescence analyses . 
slope = 0 .93 
100 200 300 
Rb (I.DJ P.P.m. 
Figure 6 . Plot of Rb versus Rb1 . The isotope dilution 
values {TD) are consis~htly higher ~han corresponding x-ray 
fluorescence values (XRF). 
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Figure 8 . Plot of Rb /S r (XRF) versus Rb / S r (ID). The 
isotope dilµtion values (ID) are consistently higher than 
corresponding x - ray fluorescence values (XRF). 
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Figure 9 . X- r a v fluorescence working curve for converting 
counts per unit ti me (100 seconds) to weight per cent Si0
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G mma-Ray Spectrome ter R~sults 
G mma-ray spectrometer results , obtained for Eastern 
Creek olcani s ample only, are liste in Table 16 (Chapter 
5) . The accuracy o resul s depends on radioactive 
equilibr·um between parent and measured daughter, and on the 
calibrations . he precision is a function of the number of 
counts accumulated and the fluctuation in background. 
Results are generally reproducible to within 5 to 7 per cent . 
lame Pho ometric Results 
Flame photometric results are listed in Table lJ. The 
results or Kare reproducible to within+ 1 per cent. Those 
for a are less precise , generally reproducible to within 
4 per cent . The low-Na, tuff analyses approach the limits 
of detec ion by flame photometry and are probably accurate 
to within 50 per cent of the true value . 
INTRODUCTION 
CHAPTER 5 
GEOCHEMISTRY 
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This chapter is devoted particularly to outlining the 
characteristics, distinctions and possible relationships of 
t.he Sybella and Kalkadoon Granites. Geochemical data are 
taken from Joplin and Walker (1961) and from the writer's 
own worko The data are meagre and constitute only a 
reconnaissance, but interpretations are made with this 
reservation in mind. Data are presented also for the Tuff 
Marker Beds and the Eastern Creek Volcanics. Geochemistry 
must be considered as subsidiary in this thesis, but even 
a rudimentary study provides some direction for the 
intepretation of isotopic results. 
THE GRANITES 
Geochemical Data 
The Sybella and Kalkadoon Granites are adjacent 
batholiths. Hence, it is possible that they are chemically 
related: they may have been derived from the same source 
material, or one (Sybella) may have been derived from the 
other (Kalkadoon) in the course of fractionation or partial 
melting. From field relationships, the Sybella microgranite 
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is younger than the porphyritic Sybella granite. It may have 
been deri ed in some way from the latter. Petrographic data 
(Chapter 2 ) have already suggested the possibility of a 
regional developmental trend for the granitic rocks. 
Geochemical data presented below offer additional material 
for discussione 
Major element analyses (taken from Joplin and Walker, 
1961) and corresponding C.I.P.W. norms of four rocks; 
Kalkadoon granodiorite (A), porphyritic Sybella granite 
(Band c), and Sybella microgranite (D), are given in 
Table 12. A Harker variation diagram (Figure 10) depicts 
the relative abundances of elemental oxidese The expected 
increase in Si02 and K2 0 and decrease in Na 2 o and CaO is 
evident in the trend from granodiorite to microgranite. 
Some notable features are: 
1. The granodiorite has a high Si02 -content compared 
with the mean spread of values (62 to 67 per cent) 
for similar rocks, given by Johannsen (1952, p.J21)8 
2. The porphyritic Sybella granite contains almost no 
MgO. 
J. The total Fe-content is higher in the porphyritic 
granite than in the granodiorite. 
4 . The proportion of ferric iron 
increases with the trend from 
(plotted as FeO ) 
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Figure 10 . A Harker variation diagram displaying the chemical 
analvses for four rocks; Kalkadoon granodiorite (A), Sybella 
granite (Band C), and Sybella microgranite (D) . 
TABLE 12 
Chemical Analyses and CIPW Norms for Kalkadoon and 
Sybella Granitic Rocks 
A B C D 
1 . Chemical Analyses 
Si02 70 . 29 72 . 68 71 . 26 74 . 76 
Al 2o3 12 . 59 12 . 83 13 . 95 
14 . 01 
Fe 2 o3 0 . 69 0 . 97 
1.08 0 . 83 
FeO 2 . 4 9 2 . 25 2 . 58 0.71 
MgO 0 . 96 0 . 04 0 . 10 0.32 
CaO 2 . 31 1 . 55 1.84 O . 63 
a 2 o 3 . 72 3 . 50 2 . 74 2 . 07 
K2 0 4 . 72 5 . 03 5 . 65 6 .04 
H2 0 o.64 0 . 50 0 . 37 Oo35 
H2 0 0.08 0 . 20 Oo07 0.01 
Ti02 0 . 78 O . 43 0~26 0.37 
P205 0 . 38 0 . 03 O . 41 0 . 11 
Total 99 . 57 99 . 83 100 . 31 100.21 
2 . Norms 
Q 25 . 11 29 . 23 29.09 38.05 
OR 27. 89 29.73 33.39 35.69 
AB 31 . 48 29.62 23 .19 17.52 
3 . 72 4.44 6.72 2 .48 
DI 4 . 58 2.72 
HY 2 . 85 1 . 28 3 . 67 0.80 
MT 1 . 00 1 . 41 1.57 1.20 
IL 1.50 0.82 O .48 Oo70 
AP 0 . 83 0 . 07 0.90 0.24 
C 0.87 3.16 
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A Kalkadoon granodiorite (Joplin and Walker, 1961, 
p . 28; corresponding modal analysis on p.29) 
Band C ybella granite (ibid, p . 35; corresponding modal 
anal sis on p . 36) 
D Shella microgranite (ibid, Po45; corresponding 
modal anal sis on p.45) 
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o microgranit e . The propo tion is equivalent in 
the two porphyritic granite sampleso 
5 . ormative plagioclase corresponds well with the modal 
determinations for samples B, C and D (see Joplin 
and Walker, 1961) . In sample A, normative plagioclase 
is An
12
; modal plagioclase is An 22 . 
Considerable 
a
2
o must be contained in another mineral, probably 
K- feldspar . 
Assuming that the four analyses are representative of the 
principal rock types, it is interesting to see their 
relationships in various petrographic diagrams. 
The pr oportions of normative quartz, albite and 
orthoclase are plotted in Figure 11, taken from Tuttle and 
Bowen (1958, p.75). The crosses indicate minima on the 
experimental boundary curves . The hachured area represents 
the highest density of points plotted for granitic rocks 
( ken from Washington's Tables, 1917) containing mor e than 
80 per cent normative quartz+ albite + orthoclase. (The 
present four analyses all contain more than 80 per cent of 
those normative minerals.) The boundary curves were derived 
for conditions where the vapour pressure of contained water 
Thus, (PH 
0
) was equivalent to the applied pressure (PLoad). 
2 
any direct correlation of normative composition of a granitic 
rock with the experimental boundary curves, assumes the 
An 
Figure 12 . The values for Kalkadoon granodiorite (A), 
Sybella granite (Band c), and Sybella microgranite (D) 
plotted on the ternary diagram of normative anorthite, 
albite and orthoclase (taken from Kleeman, 1965, p . J8). 
a 
Figure 11 . The values for Kalkadoon granodiorite (A), Sybella 
granite (Rand r), and Sybella microgranite (D) plotted on the 
ternary diagram of normative quartz, albite and orthoclase 
(taken from Tuttle and Bowen, 1918, p.75). 
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conditions of P O equals PL d for the crystallization of H2 oa 
that rocko With that assumption, the normative compositions 
for A
1 
Band C indicate that the Kalkadoon granodiorite and 
ybella granite samples were emplaced at moderate depth~ 
eight to 14 km. Accordingly, the microgranite was emplaced 
at shallow depth, one to two km. (Joplin and Walker, 1961~ 
p.51, state that the sljght amount of albite assumed to be 
dissolved in the potash feldspar, indicates that the 
microgranite crystallized at a relatively low temperature 
o pressure.) The four samples are potassic with respect 
o the granitic mean, possibly reflecting the composition of 
the parent ma erial. 
ormative orthoclase, albite and anorthite are plotted 
in Figure 12. The three coarse granitic samples plot close 
to the 5,000 bar low-temperature trough, given by Kleeman 
(196~, p.J8)~ According to Kleeman (p.49) such granites 
could have been derived either by anatexis or by 
differentiation of a contaminated basic magma. The 
microgranite plots on the low-pressure side of the trough, 
awards the orthoclase corner, as would be predicted from 
F ' gure 11. The samples are plotted on a K~Na-Ca diagram 
( ·gure 13). Diffe entiation trends for typical calc-
alka ne ocks; he outhern California batholith and the 
co ish Caledonian series, are shown for comparison (taken 
A 
C&.------------------F 
Figure lJ. The values for _Kalkadoon granodiorite (A), 
Sybella granite (Band c), and Sybella microgranite (D) 
plotted on an ACF diagram, illustrating the progressive 
enrichment in Al 2o3 trending from granodiorite to microgranite. 
K 
Na .__ _______________ _.Co 
Figure 14. The values for Kalkadoon granodiorite ( • ), 
Syhella granite ( • ), and Sybella microgranite (6) plotted 
on a ternary K-Na-Ca diagram for comparison with trends 
for the Southern California batholith and the Scottish 
r-aledonian series. 
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from ockold and Allen 9 1953). On an ACF diagram (Figure 
1) the four mples plot progressively from Fe-Mg-rich 
o Al-rich~ trending from Kalkadoon granodiorite to 
Sybella micrograniteo 
In each diagram a trend is seen which is roughly that 
expected for a fractionation series. Such fractionation 
could have proceeded (in the simplest cases) either by 
lo fractional crystallization of a single mass of 
magma, or by 
2o partial melting in a granitic 'Series' 
each successive melt was derived from a 
preceeding product of partial melting. 
whereby 
Concomitant 
fractional crystallizat~on in each melt would 
enhance the extent of compositional variation seen 
in a fractionation trend. 
It is possible that the Sybella microgranite was derived from 
the coarse Sybella granite by partial meltingo The Kalkadoon 
granodiorite may, however , bear no chemical kinship with the 
Sybella granite. A random sample of granodiorite from any 
plu on could plot in a similar position or, even if in a 
different position , could complement a 'trend'. 
Analyses for Si 1 K, Na, Rb, Sr 9 Ba 1 Pb, U and Th are 
listed in Table lJ. The following treatment of results is 
· ntended to illustrate the distribution of elements and, 
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where possible , to show distinc ions between the Kalkadoon 
and Sybella Granites. 
MaJor element oxides are plotted as Na 2 o and K2 0 versus 
io2 in Figure 15. Considerable scatter is evident , with 
no distinction between the two Granites. The broad trend 
in K2 0 versus Si0 2 illustrates that K2 0 varies little with 
ariation in Si02 s A possible fractionation trend is drawn 
from ? parental porphyritic Sybella granite to microgranite. 
A general decrease of Na 2 o with increase of Si0 2 follows the 
u ual trend o At high Si02 values (e.go 3375) the decrease 
in K2 0 may re lect assimilation of quartzitic materialo 
Alternati ely, some samples (eogo 586 , 3381) may reflect 
deriva ion from arkosic material , whereby the regenerated 
rock has a greater percentage of quartz than is normal for 
granite ( Pett i j o hn , 19 5 7 , p o 3 2 5 ) • Figure 16 is a frequency 
histogram of Si02 values. The apparent bimodal distribution 
also suggests that the higher Si0 2 values (neglecting 
microgranites) may be attributed to assimilation of 
quartzitic material 9 or to derivation from arkosic materialo 
Modal analyses (Chapter 2) likewise distinguish some 
quartz-rich/ plagioclase-poor granites, for whi c h the same 
explanation was suggested . 
he following list enumerates the different plots 
invol ing trace elements, including a brief comment wit h eacho 
i.. 
% 
K20 
(a, A) 
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7 
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(. I •) 
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Figure 1·r:;. A plot of weight per cent K O and Na 2 o versus Si02 for Kalkadoon Granite (squares) ana Sybella gr.anite (triangles). The dispersion in K2 0 versus Si02 values is 
outlined. The dashed line shows a possible fractionation 
trend from ?parental Sybella granite to microgranite. 
.63375 
• 
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Figure 16 . Frequency hist ogram of Si02 values for Kalkadoon Granite ( • ), Syhella granite ( • ) and Sybella 
microgranite (6 ) samples . 
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1~ K/Rb (Figu e 17) 0 -
K/Rb ratios group at between 150 to JOO at K-values of 
our to i e per cento No trend or distinctions are evident. 
he average value, neglecting GA 3372, is 206 . 
2. Rb ver us Sr (Figure 18):-
Rb and r a e plotted on log scale. An arcuate, 
ecumbent rend progresses rom high Sr 
he Kcilkadoon granodiorite, to low Sr 
he bella granite and micrograniteo 
low Rb values in 
high Rb values in 
Combined modal 
ariat · on (feldspars and biotite) and fractionation can 
explain the trend. GA 3375, because it is so quartz-rich, 
i epleted in Rb and Sr. Possible fractionation lines 
(dotted) are drawn through the microgranite and pegmatite 
sampleso 
Ja Rb/Sr versus Ba (Figure 19):-
p lot of Rb/Sr (linear scale) versus Ba (log scale) 
how hat 9 in the same range of Ba-content , the Sybella 
Granite samples have a greater Rb/Sr ratio and a greater 
change in ra io with change in Ba concentration. Assuming 
tha the rend re largely the result of fractionation, 
J 75 i the mos progressively fractionated of the Sybella 
s mple • The microgranites, 3383 and 3386 are somewhat 
1 ss f actiona ed. The two Granites are distinguishable 
on thi plot but both fractionation trends tend to converge 
a more basic compositions. 
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Figure 17 . Logarithmic plot of K versus Rb for Kalkado on 
Grani te and Sybella Granite samplPs . 
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Figure 18 . Logarithmic plot of Rb versus Sr for Kal ka doon Granite, 
Sybella granite ·and Sybella microgranite / pe gmatite sa mples . The 
solid and the dashed line outline the general distribution of 
analyses . The dotted lines represent possible fractionation trends. 
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Figure 19. A plot of Rb/Sr (linear scale) versus Ba (log 
scale) illustrating the differences between Kalkadoon Granite 
and Sybella Granite. 
TABLE 13 
Selected Element Analyses 
GA Unit Si (Si02 ) Na~:- (~a 2o) K-~ (K20) Rb Sr Ba Pb u Th No. 
JJ71 K J5.4 75.6 2 .4 7 3.33 4.10 4. 94 24 7 69 164 30.4 5.9 29.9 
3372 K 35.6 76.2 1.99 2.69 3.88 u.67 62 389 2692 13.9 o.8 . 
3373 s 33.6 71.9 2.10 2.84 4.61 5.56 266 79 1308 35.0 7.2 24. 5 
3374 s 33.2 70.9 1.98 2.66 4.73 5.70 254 101 984 J2.7 7.3 35.5 
337 5 s 36. 9 78.8 1.75 2.35 4.01 4.83 181 27 Jl7 28.5 6.3 31.7 
3376 K 33.8 72.4 2 .41 J. 24 4.19 5.05 168 126 865 I 20.8 4.J 16.1 
JJ77 K J2.4 69.2 2.16 2.91 J.81 4.59 148 246 886 15.4 1.7 17.5 
3J78 K J2.2 68.9 2.26 3 • O'~ 4 .24 5.11 221 251 996 31.3 5.0 20 .. 8 
3379 K J3.7 72.1 1.86 2.,0 5 .10 6.15 2,4 178 654 48.J 9.3 66.9 
3380 K 33.8 72.3 1. 8 =j 2 .49 4. 78 5.76 217 161 768 57.7 10.6 40.4 
3381 s 3,.3 75.4 2.17 2.93 u.21 5.07 ?4 ... 
- I 69 686 27.7 7.7 26.J 
3382 s 31.4 67.2 2.39 3.23 2.80 3.38 147 23, 1160 16. 9 4.3 27.1 
3383 ~f 35.1 75.1 2. 32 3.12 5.28 6.J6 208 37 557 9.6 12.6 41.6 
JJ84 s 3? -
- • I 70.0 1. 94 2.62 ~.60 ,.55 245 102 904 29.9 7.4 23.1 
3385 M 3_, .4 75.8 
- - - -
302 36 
3386 ~f J;.J 7.5.4 2.07 2.79 5.03 6 .06 248 43 637 18.9 5.0 18.7 
3387 M 33.8 72.4 - - - - 298 76 
3389 ~f - - - - - - i:;80 18 - 108.1 tr tr 
379 K 31.4 67.0 2.30 3.10 u.7o 5.66 1,9 91 - 12.8 3.2 16.5 
s86 s 34 .8 74 .4 2.11 2.85 4.66 5.62 237 71 
- 37.5 6.2 22.3 
126 K 
- - - - - -
212 228 
172 K 
- - - - - -
178 207 
)78 K 
- - - - - -
188 199 
530 s - - - - - - 170 179 
3392 T 31.4 67.1 0.16 0.21 8 .24 9.93 112 13 262 11.4 3.6 lJ.2 
3393 T 27.2 58.0 0.24 0.32 8. 54 10.29 106 17 226 12.1 4.0 15.0 
3394 T 28.4 60.6 0.10 0.13 8.95 10.78 104 6 280 21.7 3.4 9.2 
JJ96 T 27.8 59.5 0.15 0.20 7.9J 9.55 94 18 295 28.3 4.0 15.1 
K Kalkadoon Granite M Sybella microgranite/pegmatite 
s Sybella granite T Tuff Marker Beds 
·~ Analyses performed by S. Dinter f,-1 
C\) 
f,-1 
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4. r ve sus Si02 (Figure 20): -
A plot of Sr (log scale) versus Si02 (linear scale) shows 
d linea ractionation trend for each of the Granites. The 
Sybella Granite is distinguished from the Kalkadoon Granite 
by lowe Sr-coQtent. Again, 3375 is most fractionated and 
the microgranites a e somewhat less-fractionatedQ The two 
samples from the vicinity of the Sybella ' weathered core' 
pot close to the Kalkadoon trend, perhaps indicating some 
former genetic association . 
5. Ba versus Si0 2 (Figure 21):-
A similar plot of Ba versus Si02 sho s a general 
fractionation trend, but does not distinguish between the 
two Granites. 
6. Th versus U (Figure 22):-
A plot of Th versus U on log scale shows normal ratios 
of three o five for most samples. Variation in Th and U 
conten may reflect variation in accessory zircon and sphene 
content. 
7. K versus U (Figure 23):-
A plot of K versus U shows a positive correlation which 
does not distinguish between the two Granites. 
In summary, trace elements show that the rocks are 
composed of normal crustal material (see K/ Rb and Th/ U 
ratios) and that the two Granites are distinguishable with 
600 
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Figure 20 . A plot of Sr (log scale) versus SiO (linear scale) 
illustrating the dif f erences between Kalkadoon 6ranite and 
Sybella Granit e . 
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Figure 21 . A plot of Ba versus Si02 in which a general trend of decrease in Ba with increase of S i0 2 does not distinguish the 
Kalkadoon Granite ( • ) from the Sybeila Granite (&) . 
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Figure 22. Logarithmic plot of Th versus U for the Kalkadoon 
Granite, Sybella Granite and Tuff Marker Beds samples. 
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regard to the distribution of Sr (see Sr versus Si0 2 ; Rb / Sr 
ersus Ba). he Rb versus Sr plot illustrates the 
progressive trend from granodiorite to granite except that 
some granitic rocks belonging to the Kalkadoon mass (GA 
3379, 3380) contain somewhat more Sr than those Sybella 
rocks of the same Si02 and K2 0 content . Perhaps the content 
o C (with which Sr geochemically coherent) is higher in 
the K lk doon rocks . In all plots, the Sybella microgranite 
is identi iable with the coarse porphyritic Sybella granite. 
Although thee is no neat chemical ordering of the analyzed 
s mples , the information is generally consistent with the 
results o previous petrographic observations (Chapter 2). 
Petrogenesis 
The formation and emplacement of granitic batholiths is 
generally considered in the light of their orogenic setting. 
The ybella and Kalkadoon batholiths are emplaced in a fold 
belt but it is not known how granitic intrusion and regional 
de ormation were related . The following discussion is 
intended to brie ly summarize some pertinent concepts 
once ning the formation and emplacement of granitic 
b tholiths . 
Top ocesses , magmatism and granitization, are thought 
to be c pable o producing granitic material. Basically, 
the di erence between magmatism and granitization is that 
12 
th or mer involves pd rat ion o more-acid liquid from 
mo e b ic 
d dition o 
du rn , whees he 1 tter involves metasomatic 
-- lie constituents in e change for mafic 
con tituent ~ . Magmati m implies bulk mobility of material 
tha is at east partially luid and therefore 9 capable o 
flo ing in response to differences in ensity or to changes 
in con ining pre ure. Granitized material is capable of 
t ansposition only by plasti c deformation. Frequently, both 
processes are interpreted o be in evidence in batholithic 
emp acement, ut one or the other is usuall predominant. 
h e is increasing experimental evidence t ha t 
m1gmat1te and batholithic granite ha e formed by anatexis 
( u tle and Bo en 9 1958; von Platen, 1965 ; and others)o 
An e is is gener lly elated to orogeny in that geosyncl i nal 
ediments re uried to regions of high temperature and 
p e u e her e through partial melt ing, they provide the 
m eria 1 
upwar 
or granitic m gma . The molten materi 1 move s 
rom its source and is frozen 9 upon exhaustion of 
the dri -ing energy e The new environment is preserved and 
ma y be observed~ umerous earth models (e . g . Armstrong, 
1 68) invo e the c clic conversion of deeply buried sediments 
to grani e through anate is . 
he relationship o granite batholiths to their 
en ironmen serves as a basis for many classification schemes. 
1 5 
uch schemes assume that granitic rocks emplaced deep in the 
crust are associated with and are structurally concordant 
ith high grade regional metamorphic rocks. Those emplaced 
a higher crustal levels are structurally discordant and 
intrude rocks 0£ lower metamorphic grade. Accordingly, 
Turner and erhoogen (1960, p.350) characterize two class es 
o batholiths. Class 1 comprises granitic rocks, highly 
va iable in composition and structure, whose boundaries are 
b concordant with structure of the country rocko Strong 
m gin oliation and bordering migmatite zones are typical. 
Cl ss gr nites are mo e uniform in character and are 
eithe m ssive or weakly foliated. Migmatite zones are 
inconspicuous or lacking, and boundaries tend to be sharp and 
discordant . Buddington (1959) classified granites as 
catazonal, mesozonal or epizonal (going from low to high 
crustal levels) according to the depth of emplacement. He 
concluded (p . 732) that most of the batholiths of most orogenic 
belts were emplaced in the mesozone (including the transition 
me ozone-catazone), that is, between seven and 17 km depth. 
Serial development of batholiths is envisaged by many 
ge logi ts, hereby granites are related in time and place 
o the evelopment of mobile belts (Read 1 1955, p.410)e 
E ly members of the series tend to be deep-seated, 
syntectonic~ and to be granodioritic in composition: late 
members tend to in ade the upper levels, to be late 
syntectonic or post-tectonic and to have a more potassic 
composition . 
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The Kalkadoon Granite, as previously discussed 
(Chapter 2), is a multiphase batholith which is dominantly 
granodioritic . It appears structurally concordant and 
intimately associated with the surrounding rocks. Marginal 
hybrid rocks are common . The Sybella Granite is a 
predominantly granitic, multiphase batholith which, in the 
northern part, is discordant and is in relatively sharp 
contact with low to moderate grade metamorphic rocks. Thus, 
in the classification schemes, the Kalkadoon granodiorite 
would be placed earlier and deeper than the Sybella granite 
in the time - depth sequence of an orogenic period. Both 
batholiths would qualify as mesozonal types. On this basis, 
he interpretation of Joplin and Walker (1961, p.49) that 
the Ka l kadoon Granite is co-magmatic with the volcanics it 
intrudes and is therefore epizonal, does not hold. The 
granodiorite may be co-magmatic with the volcanics but the 
volcanics would have been buried to moderate depth prior 
to being intruded. This implies a time lag between 
volcanism and intrusion. The Sybella microgranite is almost 
certainly epizonalo 
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Present geochemical data provides no conclusive evidence 
concerning the geneti c relationship between Kalkadoon and 
ybella G anites~ The two batholiths may have been derived 
from a deep zone of anatexis, the Sybella granite representing 
material more fr~ctionated than the Kalkadoon granodiorite. 
Alternatively, each may have been derived from separate zones 
of fusion whereby more complete fusion gave rise to 
granodiorite and partial fusion produced granite. An 
intensi e petrochemical study is needed to resolve the 
distinctions or relationships, not merely of granodiorite 
and granite
9 
but of Kalkadoon granodiorite and Sybella granite. 
nti uch a study is made the genesis of granitic rocks in 
he Moun Isa region will remain largely unknown. 
TUFF MARKER BEDS 
The Tuff Marker Beds were earlier described as being 
composed predominantly of potash feldspar. The high potash 
values a e seen in chemical analyses (Table 14) taken from 
Croxford (196 a). One analysis (v) shows also the 
relatively high potash content of Urquhart shale (Croxford, 
1964b). The variation in Si0 2 and in Fe, Mg and Ca oxides 
probably reflects the variable content of quartz and ferroan 
dolomite, respectivelye 
tuff or the shale. 
There is very little Na 2 o in the 
Si02 
Ti02 
A1 2 o 3 
Fe 2o 3 
FeO 
MnO 
MgO 
Cao 
a 2o 
K 20 
Ha+ 2 
-H 20 
P205 
CO 2 
C 
s 
Pb 
Zn 
Cu 
Total 
TABLE 14 
Chemical Analyses of Tuff Marker Beds 
(Taken from Croxford, 1964 a and b) 
I II III IV 
5 .84 58 .8 5 51.00 60o06 
0.19 0.17 0.23 Oa20 
14 .01 14 .63 13.62 15.92 
0.37 0.21 0.57 1.08 
1.4 3 2.36 3.59 0.62 
0.06 0.04 0.07 0.06 
0.,30 1.83 2.80 o.88 
8 .41 3.32 5.30 2.82 
0.32 0.19 0.17 0.15 
13026 13.02 12 .45 13 .42 
0.02 0.01 0.01 0.38 
0 . 08 0.14 0.10 0.32 
0.06 0.09 0.09 0.28 
6.66 4.59 7.86 2 .97 
0.09 0.10 0.09 
0.12 0.28 0.92 0.57 
0.01 0.02 0.93 
0.02 0.01 0 .61 
0.01 0.05 0.01 
100. 26 99.91 100.42 99.73 
I-IV Tuff Marker Beds (Croxford, 1964a , p.35) 
V Urquhart Shale (Croxford, 1964b, Po 
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V 
45 .8 7 
0.20 
9.87 
9.77 
2 . 2 3 
0.0:3 
0.55 
1.36 
0.14 
6.52 
1.28 
0.32 
0.27 
2.20 
2.38 
10.44 
8.77 
o.67 
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By comparison the our analyses for K2 0 given in Table 
13 lie intermediate between values for the shale and the 
uff beds gi en by Croxford . All four were taken from the 
thick 56 in) Tuff Marker Bed (mentioned in Croxford, 1964a, 
p.33)0 Figure 24 is a log plot of Si0 2/K2 0 versus K2 0 which 
shows a general decrease in Si0 2/K2 0 with increase in K20. 
The tuffs are intermediate between two 'end-members '; shale 
and potash feldspar (KA1Si 3o8 ). The thick tuff bed is 
intermediate between shale and highly po tassic (thin) tuffo 
It ma y be a mixture of the two, perhaps a resultant of 
simultaneous sedimentation of shale and tuff. 
Trace element analyses of the thick Tuff Marker Bed are 
pres e n ted in T ble 13. The content of Rb ~ Sr , Ba~ U and Th 
is relatively constant. (The values for Th versus U are 
shown in Figu e 22 .) Lead content varies by a factor of 
twoo GA 3394 is an acid-washed sample in which a significant 
p opo tion of Sr and Th may have been leached with the 
soluble material (mainly carbonate)o 
Accepting that the tuff was derived from rhyolitic 
material
9 
comparison with other acid rocks is of interest. 
Corresponding tra ce element abundances estimated for average 
granite (Taylor and White, 1966) and for average Taupo 
rh olite (Ewart et al, 1968; Ewart and Stipp, 1968) are 
compared with the average Tuff Marker Beds (neglecting the 
Si02 
K2 0 
9-
a-
7-
6t-
5t-
4t-
Jt-
shale • 
I I J I I 
4 5 6 7 8 
% K2 0 
• 
• tuffs; this study 
• • 
tuffs ; Croxford •• 
• • 
J I 
9 10 
• K-feldspar 
Figure 24 . Logarithmic plot of Si02 / K2 0 versus K2 0 illustrating the distribution of Tuff Marker Reds analyses between "end-members" 
shale and potash feldspar . 
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acid-washed sample) in Table 15 . Although little emphas i s 
can be given to apparent distinctions (because of the 
supposed local, anatectic derivation of many rhyolites) 
seen in Table 15, the following observations are made. 
Uranium 1 Th and Yb abundances for the tuffs are intermediate 
between t he Taupo rhyolite and the granite averages. 
Rubidium abundances are comparable; slightly l ower in the 
volcanics . Strontium and Ba abundances are c omparatively 
low in the tuffs. These elements may have been removed in 
the process of dev itrification and recrystallization. 
C oxford (1964) suggests that post - depositional change has 
somehow enriched the tuffs in Kand d e pleted them in Na 
(provided the tuffs were derived from 'normal ' r hyolite). 
The authigenic K-feldspar may have rejected some Sr and Ba. 
TABLE 15 
Trace Element Abundances for Average Tuff Marker Beds 9 
Granite and Taupo Rhyolite 
Rb Sr Ba u Th Pb 
Tuff Marker Beds 104 16 201 3.9 14.4 17. J 
A erage " Grani te'i, 145 285 600 4 .8 17 JO 
Av e rage Taupo Rhyol it e + 108 125 870 2 . 5 11.3 18 
~~ .. Taken from Taylor and White ( 196 6) 
+ Taken from Ewart et al ( 1968) 
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The source of the tuff is highly speculative. In 
Figure 3 the tuffs (Mount Isa Shale) and the acid volcanics 
at the top of the Myally Beds are shown to be in a roughly 
equivalent stratigraphic position. It is possible that they 
are petrologically related. A petrochemical investigation 
of the volcanics may p rovid e evidence for such a 
relation hip. 
EASTERN CREEK VOLCANICS 
The gamma-ray spectrometer results for K, U and Th 
content of the volcanics are presented in Table 16. Also 
listed are the isotope dilution results for U? Th and Pbo 
One duplicate (1327) illustrates the machine reproducibility 
of gamma-ray measurements. There is moderately good 
agreement between the results for samples 2594, 2603, 2605, 
2608 by both techniques. For sample 2588 the isotope 
dilution results are high but the Th/U ratio agrees well 
with the gamma -ray result. For sample 1327 the analyses 9 
which were performed on different hand specimens 9 are in 
diagreement. It appears that great caution must be taken 
in obtaining representative samples. 
A plot of Th versus U (Figure 25, gamma-ray esults) 
shows a considerable spread of Th and U content and gives 
a normal average Th/U ratio of about four. Plots of K 
Th 
p.p.m. 
l 
40 
20 
10 
8 
6 
4 
2 
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Figure 25 . Logarithmic plot of Th versus U for the Eastern Creek 
Volcanics. 
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versus Th, and K · ersus U (not shown), show no coherency. 
Compared with result for average basalts (Taylor, 1965), 
the content of K, U and Th for a number of samples is 
unusually higho The Pb content is higher than average for 
all samples ana~yzed. 
Four U prospects; Counter 9 Easter Egg, Flat Tyre and 
Mother's Day, loca ed within the Eastern Creek Volcanics , 
were examined briefly in the fieldo Counter is situated 
several miles east of Mount Isa in slightly metamorphosed 
volcanics. The remainder occur in the more highly 
metamo phased volcanics north-west of Mount Isa. Each 
deposit contains a s sorted fragments of pink, fine - grained 
ma erial which? at Counter, resembles the pink acid lavas 
of the Lei chhardt Metamorphics exposed in road cuts on the 
Mount Isa - Cloncurry roade It is possible that this is 
a stratigraphic marker which is exposed on both limbs of the 
syncl · nee The Counter deposit is a greywacke bed cont aining 
ngular blocks of pink rock up to one foot or more in length. 
This t pe of sediment is characteristic of cliff breccias 
where the material is transported only a short distance f om 
its source o If the pink rock represents acid lava of the 
Leichhardt Metamorphics, that unit must have been exposed 
du ing at least part of Eastern Creek volcanisme Also , that 
unit must be close to present exposures of the greywacke. 
TABLE 16 
K , U , Th Pb An alyses of Eastern Creek Volcanics 
Sample";~-
1326 
1327 
1327 dup . 
1327 ID 
1328 
2581 
2582 
2583 
2584 
2585 
2586 
2587 
2588 
2S88 ID 
2589 
25 90 
25 91 
2592 
2593 
2594 
2594 ID 
2595 
2596 
2597 
2598 
2599 
2601 
2602 
2603 
2603 ID 
26 04 
2605 
2605 ID 
2606 
2607 
2608 
2608 ID 
2609 
µgm/gm 
0 . 16 
0 . 10 
0 . 08 
1 . 12 
0.16 
0 . 05 
1,10 
0 . 20 
2 . 31 
0 . 70 
0 . 11 
0 . 15 
0 . 63 
0 . 07 
0 . 07 
2 . 27 
0 . 05 
0 . 37 
0 . 31 
1 . 08 
O . 94 
1 . 01 
o . 66 
0 . 31 
0 . 08 
1 . 70 
1 . 60 
0 . 22 
0 . 18 
O . 48 
1 . 93 
0 . 18 
u 
µgm/gm 
1 . 83 
3 .. 83 
3 . 69 
2 . 93 
0.96 
2 . 21 
2 . 39 
1 . 57 
0 . 91 
1 . 54 
1 . 00 
3 . 64 
0 . 63 
0 . 82 
0 . 69 
o . 66 
1 . 53 
2 . 28 
2 . 48 
4 . 4 7 
4 . 32 
2 . 46 
1 . 25 
1 . 51 
1 . 01 
1 . 36 
0 . 60 
2 . 08 
1 . 10 
1 . 38 
1 . 16 
0 . 80 
0.87 
0 . 78 
2.75 
1 . 44 
1 . 40 
0 . 29 
Th 
µgm/gm 
10 . 62 
7 . 92 
7 . 80 
8 . 80 
3 . 21 
8 . 03 
8 . 51 
7.87 
4 . 54 
6 . 61 
4.21 
6 . 69 
3 . 65 
4.72 
3.57 
2 . 96 
6.21 
8 . 36 
8 . 59 
16 . 60 
16 . 45 
9.88 
4 . 89 
5 . 55 
4 . 00 
5 . 45 
3 . 06 
8 . 12 
4 . 76 
5 . 64 
5 . 98 
5 . 37 
3 . 63 
9 . 58 
5 . 90 
1.38 
Th/K U/K Th/U 
- weight ratios -
65 . 8 
78 . 8 
97 . 4 
2 . 9 
49 . 9 
172 . 1 
7 . 2 
22 . 8 
2 . 9 
6.o 
60 . 2 
24 . 6 
5 . 7 
41 . 7 
87.2 
3 . 7 
165 . 4 
44 . 9 
32 . 4 
4 . 5 
5 . 9 
4 . 0 
8 . 3 
9 . 9 
106 . 4 
2 . 8 
20 . 0 
20 . 1 
3.1 
7.6 
11 . 3 
38 . l 
46 . 1 
0 . 9 
13.7 
48 . 3 
1.4 
4 . 6 
0 . 7 
1.4 
32.7 
4 . 2 
lol 
9.3 
21 . 5 
1 . 0 
47 . 7 
12 . 1 
8 . 1 
1 . 2 
1 . 6 
1 . 0 
2 . 1 
1 . 9 
27 . 2 
o . 6 
0 . 7 
3.7 
4 . 3 
5 . 8 
0.7 
1 . 6 
5 . 82 
2 . 07 
2 . 11 
3.00 
3 . 36 
3 . 63 
3 . 57 
5 . 02 
4 . 99 
4 . 29 
4 . 23 
1.84 
5.82 
5.76 
5.20 
4.49 
4.06 
3.67 
3 . 4 7 
3 . 72 
3 . 81 
4 . 01 
3 . 92 
3 . 66 
3 . 95 
4 . 01 
5 . 11 
3.91 
4 . 33 
4 . 86 
7 . 51 
6.17 
4 . 67 
3 . 4 9 
4 . 11 
4 . 71 
133 
Pb 
µgm/gm 
22 . 3 
12.2 
16.8 
42 . 3 
13.3 
42.6 
~:- Numbers correspond with the ANU 'gamma-ray collection'. 
D Iso ope dilu ion measurements (which are, in order down 
the column~ GA 3397, 3401 , 3402, 3400, 3398, 3399). 
..... 
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Uranium nd Th analyses of mineralized rock from three 
o the prospect , done by gamma-ray spect ometry, are listed 
in able 17. The anal s es are probably very i mprecise due 
to the high count ate o the enriched samples. Potassium 
could not be determined. The following points are noted: 
1. Uranium abundance is much greater than Th abundance . 
2 . The mineralization is confined neither to large 
acid lava fragments nor to greywacke matrix. 
TABLE 17 
Uranium and h orium An lyses of Mineralized Ro ck 
f om the Eastern Creek Volcanics 
Prospec u h Th/U µgm/gm µgm/gm 
Counte (acidic block) 1205 418 o . 34 7 
Counter ( greywa eke ) 1763 244 0.138 
Easter gg 59 .8 18 . 1 0 . 330 
Fla re 1139 60 . 4 0.053 
The association o acid lava fragments may indicate that the 
f agments provided a suitable reactive material to concentrate 
U nd Th rom t ansgre sive ?hydrothermal solutions. If 
hydrothe mal solutions have traversed at least pat of the 
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Eastern Creek olcanics it is possible that other areas of 
that unit may be so affec ed. 
po adic oc currences of galena in quartz veins attest 
to mobiliza ion of m terial within the Eastern Creek Volcanics . 
Figure 26 shows a positive correlation of Pb versus K. It 
is possible that K, U~ Th nd Pb have been introduced by 
mobile luids tre mi· g along select horizons or fissures. 
M terial may h ve been derived rom the easily mobilized 
con ituents of more deeply buried rockso Alternatively, 
luids e caping rom intrusive granitic magma may have 
travelled dif usely into the volcanicso A point to consider 
with in roduced material is the Th/U ratio~ Material 
extracted from a erage crustal rock may have an average 
crustal Th/U ratio of three to five. Fluids representing 
the end - product of fractionation in a magma may have a 
Th/U ratio less than unity due to concentration of relatively 
soluble hexavalent U . Such a product may be represented in 
the mine lization within the Eastern Creek Volcanics. 
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Figure 26. A plot of K versus Pb for the Eastern Creek 
Volcanics illustrating a possible positive correlation. 
CHAPTER 6 
GEOCHRONOLOGY 
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Whole-rock tsochrons and the resultant ages for Rb-Sr, 
U-Pb and Th-Pb systems are presented in this chapter. Also~ 
a e-analysis of Mica Creek monazite is discussedo On the 
basis o new Rb-Sr results obtained in this study, the 
Sybella Granite is divisible into older, coarse porphyritic 
g anite~ and younger microgranite and pegmatite. Each unit 
is described sep rately. 
Fo each rock unit, the Rb -S r results are presented firsto 
The U- Th- Pb results which follow are then discussed with a 
fuller understanding of the rock system. For ease of 
206 238 comparison, the results for the three systems; Pb - U 
Pb
207 
- u
2
35 and Pb 208 - Th232 , are compiled in a single 
isochron diagram for each rock unit. The two =fold 
presentation of results, both uncorrected and corrected for 
Pb-isotope fractionation (see Chapter 4), is carried through
9 
hereby X's represent 'uncorrected ' values and the other 
ymbols represent 'corrected' values. In this way the 
relative shift of each point to a 'corrected' alue provides 
crude evaluation of the validity of each point. Where the 
two alues are close, the analvsis (unless otherwise 
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ortuitou) is conside e to be good . Any shift exceeding 
one and a half to two per cent o the 'uncorrected' value 
1 out i e the es imated limi s of measurement error plus 
f actionation, nd pre e ence is given to the ' uncorrected' 
va ue o 
The tatistical regression of isochrons was obtained 
using the procedure de cribed by McIntyre et al (1966)0 
That procedure allows for known experimental error in both 
D/ and /s (see Chapter 1) (determined by replica te analyses) 
and eights the data to allow for non-uniform variance of 
/s. Thu where a set of data deviate from a straight 
line in such a manner that the mean square of weighted 
deviates (MSWD) is less than the value given by the limits of 
e per1mental error, that line is termed a Model 1 isochron. 
In other ords, the data fit perfectly (ioe. to within 
e pe iment 1 erro ) to a straight line . For present Rb-Sr 
n 1 y es Model 1 i och on is given where the MSWD is less 
han about 1. 
Other Model reg essions assume geological va iation 
ove and above experimental variation, where the MSWD is 
greater than the value given by the limits of experimental 
e roro Model 2 assumes geological variation in D/S which 
is proportional to alues for N/S . Model 3 assumes geological 
variation in D/S which is independent of N/S . Model 4 is 
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a mixed model 1 combining the assumptions of Models 2 and J. 
These statistica treatments are well-suited to Rb - Sr 
analysis here the experimental conditions are relatively 
easy to evaluateo The lack of well-standardized analytical 
technique and of _replicate analyses in the present U- Th-Pb 
study does not allow a precise evaluation of experimental 
conditions . Thus, these statistical treatments are 
inappropriate for gauging the slope and position of U-Th- Pb 
is och ans .. In some instances, the U-Pb or Th-Pb isochrons 
give a de initive result from a Model 1 regressiono Where 
the scatte of results is large 9 isochrons of age deriv ed 
rom Rb - r resul s are judiciously fitted to the arra yo In 
this w y approximate initial ratios are deriv ed. 
PREVIOUS INVESTIGATIONS 
Geochronological investigations in the region of Mount 
Isa were initiated by ier et al (1941) 9 who reported a 
Th-Pb age of 1 ~000 m.yo and a Pb - Pb age of 1 190 400 m.yo 
for a amp e of monazite from the Mica Creek pegmatites. 
From a re - evaluation of that analysis 9 Holmes and Smales 
(19~8, p~l20) gave 1 9 200 m.y. as the most probable age of 
the ample. 
Isotopic analyses of Pb ore from the Mount Isa Mine 
ga e an average model age of 1 1 570 m.y . (t 6 _ 7 = 1,6 2 0 moy. 9 
6 ~8 = 1,520 m.y . ) according to the Russell - Stanton-
Farquhar model (Ru ell and Farquhar, 1960a 1 Po59). 
Further ana y ica ark by Richards (1962 and 1963) 
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con i med that model ge. From precision intercompari on 
measurement on Mount Isa galena 1 Ostic et al (1967) 
calcula ed a model age of 1 9 600 m.yo Thus, if the Pb o e 
is 'primary 9 nd was derived contemporaneously with 
depo~it ion o the enclosing sediments, as hypothesized by 
Stanton and Russell (1959), then the sediments (i.e. Mount 
Isa hale) are about 1 600 m.y . old. 
Richards et a (1963) reported K- Ar analyses of biotite 
from granites in this area which gave fairly consisten 
ages 9 between 1 ~363 and 1 ~410 m.yo for the Sybella Grani e 9 
and between 1 9 364 and 1 , 457 m.y . for the Kalkadoon Granite. 
An analysis of muscovite from the Mica Creek pegmatite gave 
an age of 1 398 m. y . , significantly older than the monazite -
ge given previously . Two biotite analyses from the Ewen 
Granite (north of the Mount Isa region) gave ages of 1,772 
nd 1 , 776 m. y . 
From whole-rock Rb-Sr measurements, Richards (1966) 
calculated an age of 1 , 760 m.y . for the Kalkadoon Granite 
and a pro isional age of 1,600 m.y. for ' old ' Sybella 
granite (using -11 -1 · Rb = 1. 39 X 10 yr ) • A maximum p oss i b le 
age for one of the latter was estimated as 1,690 m.y. (p.20). 
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Analyses of biotite gave ages close to 1,500 m.y. (1 ~ 70 m.y. 
to 1 1 520 muyo) for both he Kalkadoon and 'o ld ' Sybella 
Granites . This provides evidence for redistribution of Rb 
and Sr which has resulted in ages younger than the whole ~ 
rock ages. The younger ages are not as young as the K-Ar 
~ -11 -1 biotite ages 9 unless the alternative t\ = 1 .. 47 x 10 yr' Rb 
decay constant is usedo (Further discussion on the pr oblem 
o choi ce of Rb decay constant is not consideredo) Two 
analyses of muscovite from the Mica Creek pegmatite ga ve a ge s 
o l j 5 0 and 1,550 moY• This is taken to be the age of t h e 
pegmatite 1 hereby i ndi ca ting that the monazite age 
described previously, is in considerable error .. 
One analysis of zircon from the 'old' Sybella Granite 9 
reported by Richards et al (1966), gave extrapolated U-Pb 
ages of 1,860 mayo and 1,760 m.y. according to the continuous 
diffusion model and the radiation damage model , respectivelya 
An analysis of zircon from the Wimberu Granite was thought 
to be younge than the Sybella Granite zircon, but 
significantly older than the biotite K-Ar ages. A Pb - a l pha 
ge of 1 1 580 msy. determined on zircon from t he Kalka doon 
Granite was considered (po87) to be discordant and hence a 
minimum value . 
Geochronological r esults outside the region of Mount 
Isa may be relevant . McDougall et al (1965) published K-Ar 
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and Rb-Sr results from the Carpentaria region, north of Mount 
a ( -11 -1) using ARb = 1 . 39 x 10 yr . For the Nicholson 
Granite an a erage K-Ar age (from three mineral separates) 
of 1,815 m. y . was obtained . A 1,770 m. y . age (initial 
ratio, 0 . 705) wa& derived from Rb-Sr analysis. For the 
or is Granite an average K-Ar age (from four mineral 
separates) of 1,790 m.y. was obtained . A 1,725 m.y. age 
( · nitial ratio, 0 . 713) derived from Rb-Sr analysis was 
considered to be too young possibly due to redistribution of 
radiogenic Sr . 
Although Carter et al (1961) considered the Nicholson 
Granite and surrounding units to be Upper Proterozoic in 
age, the radiometric ages clea rly indicate that the 
stratigraphic sequence intruded by the Nicholson and Norris 
Granites is Lower Proterozoic . Richards et al (1963 p.306) 
suggested that the Cliffdale Volcanics may be contemporaneous 
w · h the Argylla Formation . Both units comprise intermediate 
to cid vole nics and ea ch are thought to have been. intruded 
by cogenetic granite . McDougall et al (1965, p.76) gave an 
estimated age of 1,790: JO m. y. for the Cliffdale Volcanics. 
On the grounds that it is not impossible that the Eastern 
Creek Volcanics are contemporaneous with the Cliffdale 
Volcanics that age can be considered a maximum estimate 
for the age of the Eastern Creek Volcanics . 
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Other analyses presented by McDougall et al (1965) are 
of interest . A Rb-Sr analysis of Ewen Granite gave 1,780 
m. y. (initial ratio, 0.715). A whole-rock Rb-Sr determination 
of the Packsaddle Microgranite gave an age of 1,520 m.y. 
(inittal atio, ~ . 705) providing evidence for younger 
intrusive material perhaps correlative in time with that in 
the Mount Isa region. Plagioclase from dolerite dykes, which 
are possibly correlative in time with the fresh dykes in the 
Mount Isa region, gave K-Ar ages of 1,220 and 1,280 m.y. 
A brief summary of the Precambrian geochronology of 
the Mount Isa - Cloncurry region is given by Compston and 
Arriens ( 1968). From the available data they surmise 
(p.573) that the basal sediments overlying the Kalkadoon 
Granite were deposited about 1,750 m. y. ago. They state 
also that the first of the two periods of deformation was 
associated with granite emplacement dated at about 1,550 m.y. 
YBELLA MICROGRANITE AND PEGMATITE 
Rubidium-Strontium Results 
Four analyses of microgranite plus one of pegmatitic 
feldspar are plotted in Figure 27. A regression through 
all points gives a Model 3 isochron of 1,553 ~ 29 m.yg with 
an initial ratio of 0.7323 + 0.0101. The slope of the 
isochron is controlled principally by the pegmatitic 
'° CIC>
3.0 
... ~ 2.0 
CIC> 
... 
V) 
SYBELLA MICROGRANITE / PEGMATITE 
Age : - 1553 ± 29 my. 
Initial Ratio : - 0 .7323 ± .0101 
25 50 75 100 125 
Rb8~ sr 86 
Figure 27 . Isochron plot oI' Rb - Sr data £or $ybella microgranite / pegmatite , 
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feldspar . A regression through the four microgranite analyses 
gives a Model 3 isochron of 1,539 ~ 131 m.y. and an initial 
ratio o 0 . 736 + 0.033. If GA 3387, which is petrologically 
dissimilar to the remaining three microgranites, is rejected, 
a line o e cellent Model 1 fit (M WD = Oa12) gives an age 
of 1 ,574 ~ 285 m. y. and initial ratio 0.725 ~ 0.073. 
n ortunately, here is a large standard error because the 
points ar rather closely grouped at high Rb /Sr ratios . 
From ield relationships , the pegmatite intrudes 
mi crog aniteo Although no statistically significant 
difference exists in the three aforementioned isochrons, 
he numbers taken at face value suggest that the microgranite 
may be somewhat older than the pegmatitee This remains 
to be proven by a more exhaustive study. Precluding faulty 
analysis 9 the deviant microgranite sample (GA 3387) ma y 
have an initial ratio different from the other microgranites. 
F om he present data, · tis probable that the 
micrograni e and pegmat ·te are closely associated in time 
and (with comparable initia ratios) in genesiss Each of 
he three isochrons reported above agrees well with the 
Mica C eek muscovi e result reported by Richards (1966)0 
The initi 1 ratio are high suggesting that the microgranite 
and pegmatite were derived from a source in which radiogenic 
r had been accumulating; a source with a relatively high 
Rb/ ratio. 
ha e been the 
The coar~e porphyritic Sybella granite my 
ource. Material having a Rb / Sr atio of 
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between three and six and containing 200 to JOO micrograms 
per g am o Rb (e.g. samples 3373, 3375, 3381, 586) would 
have produced enough rad · ogenic Sr in 100 million years to 
raise the initial ratio of the system, if homogenized 1 to 
approx1mately that of the micrograniteo Partial melting 
of coarse Sybella granite at depth 1 therefore, may have 
generated the microgranite and pegmatite. 
Uranium-Thorium-Lead Results 
1. Monazite 
Monazite was collected from the Mica Creek pegmatite 
locality; presumably the same location for the 'Mount Isa 
monazite' an lyzed by Nier et al (1941). The collection site 
is a low-lying outcrop , with regolith and detritus of 
quartz-feldspar-mica pegmatite. Coarse, reddish- brown, 
nhed al o subhedral grains of monazite occur scattered 
on the ground as part of the detrituse Some of the grains 
are fractured and weathered; others appear relatively fresh. 
Analysis of the monazite is described as followso 
About one gram of fresh material was ground in an agate 
mortaro This was transferred to a platinum crucible and 
fused with ten grams of borax flux . The fusion glass was 
dissol ed with 3 HCl and diluted to about 400 mls with 
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watero One-half of the solution as given to unspiked Pb 
andlysis 9 one=quarter for spiked Pb analysis , and one-
quarter for U-Th analysis . The U-Th aliquot was spiked with 
U racer and made up to one litre volume. 
solution was aliguotted for Th analysis. 
One ml of that 
Chemical 
extraction pr o cedures and mass spectrometry were as 
de cribed in Chapter J. 
The analytical results are shown in Table 18 along with 
the results o ier et al (1941) . Both Mount Isa o e Pb and 
labora ory reagent Pb a e tabled as altern tive contaminants. 
The co r ction o Pb 207 is the most sensitive to uncert inty 
in c on minant. The labora ory contaminant was used in the 
present calculations . 
The new analysis gives a concordant age of 1 9 560 m.y. 
for the Pb 208 ~ Th232 and Pb 207 - u235 systems . The reduced 
age of 1,505 mo • for the Pb 206 - u238 system is most simply 
explained b loss of daughter product due to leakage of 
radon ( ee Kulp et al, 1954). 207 206 . The Pb /Pb age is thus 
predictably high. The 1 560 m.y. age is in good agreement 
with he previously discussed Rb-Sr determinations for the 
microg anite / pegmatite emplacement ageo This adds a measure 
of confidence to the spike calibrations and to the analytical 
techn · que a performed by the writer . It is interesting to 
note hat with the Pb-Pb age only , the date of pegmatite 
~ 
Sample 
Monazite 
(this study) 
Monazite 
(Nier et al, 1941) 
Mount Isa Pb 
Lab .. Contaminant 
Age ( m. y . ) given by 
Monazite 
( this study) 
Monazite 
(Nier et al , 1941) 
TABLE 18 
Mica Creek Monazite Analyses 
-
Total U Total Th Total Pb Pb Isotope Composition 
µmol/gm µmol/gm µmol/gm 2 04 2 06 207 2 08 
•Lf-63 5 261.,55 21 09 75 1 197 .. 06 33 . 697 32hJ .,1 
I 
24 7 13 o7 1 141.,85 25 . 120 2~ 39 . O 
1 16()22 lS .. 61 36 o2 
1 17 . 18 15 .. 77 37 . 60 
Pb208/Th232 Pb 207/U235 Pb 2 06/U238 Pb207/Pb206 
1 , 555 :t 77 1,565:: 35 1 , 505 ±: 3 . 3 1 , 645 :: 8 
1,000 
- - 1,190 :t 400 
f-l 
.i:::-
-...J 
emplacemen would be equ ted ith the Rb-Sr date of 
emplacement of the coarse Sybella granite. 
A comparison of the two analysesshows th t the measured 
Th-content · s similar but that the Pb-content is 
disproportionately lo in Nier's analysis. Also, the 
ratios 206/20, 207/204 and 208/204 are each about the same 
proportion (about 30 per cent) lower in Nier's analysis. 
Thus 1 the discrepancy in Nier's result could be explained 
as a combination of underestimation of Pb-content plus 
overestimation of Pb 204 • However, as pointed out by Nier 
et al (p.114), inadequate tail-corrections created large 
uncertainties in the relative abundances of 204, 2 06 and 2070 
2. Whole-Rock Results 
Two microgranite analyses plus one pegmatitic feldspar 
analysis are plotted in Figure 28. Model 1 regressions 
(assuming all e ror is experimental) through all points 
corrected or fractionation give the following results: 
a o Pb 206 - u2 38 system : - age, 1,573 ± 161 may.; initial 
r io, 17 . 530 0.013 
b . 207 235 Pb - U system : - age, 1,576 + 343 m.yo; init ial 
ratio~ 150639 ~ 0.013 
Co Pb 208 - u23 5 system:- age, 1 , 555 + 146 m.yo; initial 
ratio 9 36 . 443 + 0.013. 
Figure 2 8 Isochron plot of U-Th-Pb data for Sybella 
microgranite/pegmatite . The isochrons give 
ages of, from top to bottom; 1555, 1576, 
1573 m.y. (see text). 
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'i mild r sults ar e obtained from the analyse which are 
uncor ecte o fractiona ion. 
The hr ee systems give concordant ages with a pooled 
average o 1 9 J65 _ 52 m. y . , an age hich is remarkably 
con ist nt with the Rb ~Sr determination . The slope of each 
·s ochron is cont olled principally by the highly enriched 
s mple, GA 383 . The initial ratio is vi tually anchored 
by the pegmatitic eldspar, GA 3389 . Omitting the latter, 
the lines joining the two microgranite analyses give a 
slightly oder age; similar to the trend observed for the 
Rb- system . Also consi tent with the Rb-Sr system are the 
more adiogenic initial ratios. The apparent decrease in 
initial ratio for the Pb 207 - u23 5 system is satisfactorily 
esolved i the unspiked values are taken . This would raise 
the 207/204 ratio from 15 . 64 to l5e83 o 
COARSE PORPHYRIT C SYBELLA GRANITE 
Rubidium=S r ontium Resul s 
Figure 29 shows the Rb-Sr analyses for Sybell granite, 
adamelli e and 'old ' gr nite, to which a Model 1 isochron 
s itted~ Two analyses taken from Richards (1966) (GA 530, 
586) a e · ncluded . They have been adjusted to a new 
87; 86 . 88 86 
r r alue according to the revised Sr /Sr 
normalization lue used in this study (see Chapter 4)o 
,0 
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1 . .4 
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SYBELLA GRANITE 
Age:- 1656 ± 21 my. 
Initial Ratio: - 0.7114 ± .0019 
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Figure 29 . Isochron plot of Rb - Sr data for the coarse porphyritic Sybella granite . 
A duplicate na ysis of GA 3384 i s in close agre ement. The 
egre sion gi v· es an age of 1,656 + 21 m ., y . and an ini tia 1 
r a io o O. 71~ + .0019 . 
The results imply that the coarse porphyritic granite 9 
the 'old granite from the north-western sector, and the 
adamellite which intrudes the Yaringa Metamorphics, had a 
common initial ratio about 1 9 656 m. y . ago. That time is 
taken to be the age of emplacement of the coarse Sybella 
gr an it e e (It is a ls o con c e iv ab 1 e t ha t l 1 6 S 6 m • y • d a t es a 
regional metamorphic event at which time, through open system 
behaviour radiogenic Sr was re-equilibrated.) The 
adamellite may lso have been emplaced at about that time . 
The little-alte ed and non-foliated nature of the rock 
suggests that it has not suffered regional metamorphism to 
any greater degree than has the coarse Sybella granite. 
Thus, the possibility that the adamellite represents 1,900 
m.y. old Sybella material (Compston and Arriens, 1968, p.5?3) 
appears rather remote. The 'old' granite may be truly older 
than the porphyritic granite, in which case the Sr-isotopes 
were homogenized and equilibrated with those of the latter 
1,656 m. y . a go. 
A detailed s udy including analyses of mineral 
separat s o Rb and r, and of zircons, is needed to resolve 
the age relationships of the different granitic phases. It 
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l t _hould be noted thd , although an age greater than 1~760 
m&y . is indicated by zircon analy is from the 'old' g anite 9 
un i1 z:i r con'"' f om the coarse porphyritic granite are 
nalyz t ere is no ound evidence for a greater age of the 
'old' gr nite . That is 9 both phases may have been derived 
-from partia ly remelted and remobilized older material. The 
zircons in both rock-types typically contain two or three 
zones: an inner rounded nucleus and one or two distinct 
oute zoneso Thus, zircons from the porphyritic granite 
could also give an age of greater than 1 9 656 m.yo The 
apparent e tural and chemical differences between the two 
rock- ypes may be attributed to differences in the original 
material from which the granites were generated. 
Uranium-Thorium-Lead Results 
Figure JO shows the data for the three systems; 
Pb206 _ u238 Pb207 - u235 Pb 2 08 _ Th232. 
9 ' 
The analyses 
include the following : 
1 . hole-rock analyses 9 both uncorrected and corrected 
o Pb - isotope fractionation (GA 3374 1 3375, 3381 9 
3382, 3384) 
2 . whole~rock analyses (GA 586, 3373) uncorrected, only 
Jo whole= ock sieved fraction analyses (GA 3374F , 
3375F) 
4o one separated microcline (GA 3375M) analyzed for 
Pb-i otopic composition, onlyo 
Figure JO Isochron plot of U-Th-Pb data for coarse 
porphyritic Sybella granite. 
give 1660 m.y. (see text). 
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Be au e of a limit d spread in / Pb and Th/Pb ratios, and 
the scat er in the data, isochrons regressed through the 
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anal ses have a large standard deviation. The uncertainty 
in initial rat · os makes them practically devoid of any 
signi icance . For this reason, the isochrons shown in 
Figure JO ha e been drawn in with a slope determined by the 
Rb-Sr age of 1,656 m. y . The initial ratios, given by the 
bes visual fit of the isochrons, are 17.05, 15.76 and 
37.20 206 238 207 235 or the systems Pb -U , Pb - U and 
espectively . 
discussed in Chapter 7. 
Limits of confidence are 
n heory, provided no isotopic redistribution has 
occurred since the time of crystallization of the rock~ it 
should be po sib e to ob ain an 'isochron' by analyzing a 
number of size- ractions of a single sample, where the U/Pb 
or Th/Pb ratios vary between the fractions. Conversely, 
kno ing he time of crystallization, such a treatment should 
test whether or not redistribution has occurred since that 
time . n practice, such a treatment is beset with obstacles. 
Knowing that most zircons give discordant ages because of 
b-loss, it is highly probable that radiogenic Pb is 
red·stributed in e en the most undisturbed rocks. 
an mechanical fractionation of zircon (o sphene, etc) is 
liable to dis u b the bulk closed system. Also, the 
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distribution of , Th and Pb along grain boundaries may be 
he erogeneous, g · ving rise to discrepant 'fractionation' of 
parent and daughter isotopes between size-fractions. 
the above treatment is not recommended as a method for 
determining an isochron or for examining the internal 
isotopic di tribution of U , Th and Pb . 
Thus, 
As previously mentioned (Chapter 4), several samples 
were inadvertent ly analyzed using sieved fractions. Two 
of these are shown in Figure 30 . GA 3374F (no Th analysis) 
has a suspiciously large correction, particularly in the 
2 07/2 0 ra io . The 'uncorrected' values are slightly 
discordant and ma indicate a younger 'event' at whi c h time 
isotopic redistribution occurred . However, with the 
reservations discussed above, the result is inconclusive. 
GA 3375F is an enigmatic result for which the U, Th and Pb 
content is slightly less than that of the whole-rock s ample, 
but which is apparently depleted in radiogenic Pb. The 
analysis may be faulty or it may reflect an unusual effect 
of mechanical fractionation. 
GA 3375M plots on the ordinate slightly below the 
estima ed initial ratio for each system. Although this may 
re lect isotopic redistribution the result is not appreciably 
di feren from the initial ratios . The tie-line, j oined wi th 
the whole-rock sample gives a consistently older age. 
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G.A 3373 and 586 were corrected (see Chapter 4) for 
contamin tion of the spiked Pb aliquot. The assumed 
cor ection fac ors were apparently valid for the formero 
. 208 232 The latter is concordant in the Pb - Th plot~ but 
not so in the other plots. It is possible that the 
contaminant is not close in composition to that assumed in 
the correction 9 or that some Uhas recently been leached 
from the sampleo 
GA 3382 appears to be somewhat discordant in the 
206 238 208 232 . . Pb - U and Pb - Th plots. This is the sample of 
adamellite which intrudes the Yaringa Metamorphicso The 
ample may have a different initial ratio, implying that the 
isotopic composition at 1,656 m.y. ago , while apparently 
uniform for Sr- isotopes, was variable for Pb-isotopes. 
KA LKADOO GRANITE 
Rubidium-Strontium Results 
The Rb-Sr analyses of Kalkadoon Granite are presented in 
Figure 31 . The rocks are rather poorly enriched compared with 
the Sybella Graniteo One sample of Ewen Granite (G.A 584) 
is plotted for the purpose of comparison. The analysis was 
taken from .Arriens et al (1966, Po4989), and re-normalized to 
the 8 /86 value used in this study. Likewise, four analy ses; 
G.A 126, 172, 378 and 379, were taken from Richards (1966 , pQ20). 
-
A regression (not shown) through nine Kalkadoon analyses 
(excluding ~A 379, the hybridized adamellite) gives an 
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age of about 1,880 m.y. and an initial ratio of about 0.706. 
Relatively wide geological scatter gives an uncertainty of 
up to~ 85 m.y . , depending on the Model . Seven points 
(excluding also, GA 3371 and 3376) fit an isochron of 
1,930 ~ 51 m.y., to within experimental error (see Figure 
31), giving an initial ratio of 0.7042 + .0021. A line 
joining GA 3371 and 3376 (which have been shown to be 
geochemically similar) gives an age of 1,775 m.y. and an 
initial ratio of 0.717. The line is shown to pass very close 
to the Ewen Granite analysis. 
The data suggest that the Kalkadoon granodiorite may 
be as old as 1,930 m. y . The initial ratio is low, which 
may or may not indicate derivation from the mantle. The 
t wo a damellites plus the Ewen Granite sample may have been 
emplaced at about 1,775 m.y. In a sense, the latter are 
possibly related as marginal intrusions all situated west of 
the main Kalkadoon granodiorite. The higher initial ratio 
is consistent with derivation from crustal material. GA 379 
is hybridized adamellite from Sunday Gully which may belong 
to the 1,775 m.y. old marginal material. If s o , it ha s a 
different initial ratio intermediate between that of the 
latter and the granodiorite. 
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Reservations must be expressed, concerning the above 
data. Although a Model 1 isochron (1,930 m.y.) is obtainable 
from selected analyses, that result is only tentative. The 
samples are essentially 'grab samples' collected over most 
of the length (over 100 miles) of the batholith. Until 
more is known about the petrology and petrochemistry of the 
batholith, the selection of 'associated' samples on the 
isochron plot remains largely intuitive. For the present, 
a mean age for the Kalkadoon granodiorite is assumed to be 
about 1,880 moy. The younger time of about 1,775 m._y., as 
recorded also by other investigators, probably signifies a 
period of renewed granitic intrusion. 
Uranium-Thorium-Lead Results 
Uranium-lead data are plotted in Figure 32; Th-Pb data 
in Figure 33. As with the Sybella Granite, the data are 
too scattered to give reasonable isochrons. Thus, isochrons 
of 1,880 and 1 1 775 m.y., given by the Rb-Sr results, were 
fitted to the appropriate points; 1,775 m.y. for GA 3371, 
3376 and 379, and 1,880 m.y. for the remainder. One sieved 
fraction analysis, GA 3376F, is shown (no Th analysis) in 
Figure 32. The point plots 'sensibly' close to the isochron 1 
but the same reservations discussed previously, apply. Also 
included in the diagrams for comparison, is GA 3382, the 
adamellite that intrudes the Yaringa Metamorphics. That 
Figure 32 Isochron plot of U-Pb data for Kalkadoon 
Granite. Three isochrons are shown for 
each U- Pb system. 
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rock occupies the same geologic setting as does some of the 
Kalkadoon rock and, although the former is included 
geographically as part of the Sybella Granite, a genetic 
relationship to the Kalkadoon Granite is not infeasible. 
The results show a great spread of initial ratios. 
GA JJ80 is particularly notable in having a very high 
initial ratio for both of the U-Pb systems (206 /2 04 = 27.75; 
207/204 = 16 . 99). The sample is apparently 'normal' in the 
Th-Pb system . The main 1,880 m. y. isochrons have initial 
ratios; 206/204 = 16 . 15, 207/204 = 15 . 60, 208/204 = _26.7 
(for confidence limits see Chapter 7). The 1,775 m.y. 
isochrons have initial ratios 206/204 = 19.80, 207/204 -
15.98, 208/204 = JS.lo In the U-Pb plots, the initial ratios 
for the 1,775 m. y . isochron are higher than for the 1,880 
m. y . isochron, with the ratios for GA J79 falling intermediate 
between the two . This parallels the Rb-Sr system. In the 
Th-Pb plot the relationships are reversed. The 1,775 m.y. 
isochron, if taken through GA JJ76 instead of GA JJ71, would 
give approximately the same initial ratio as given by the 
1,880 m. y. isochron. 
A possible illustration of Rn-loss is seen in GA JJ77. 
On the Pb 206 - u238 plot the point is intermediate between 
207 235 . the two isochrons, whereas on the Pb - U plot it falls 
at a more radiogenic position on the 1,775 m.y. isochron. 
From previous data, the sample belongs to the older suite of 
rocks. Thus, the fortuitous position on the younger 
Pb 2 07 - u2 35 isochron may be the result of variable initial 
ratio. Alternatively (and perhaps preferably), the position 
of the analysis could reflect recent leaching of U from the 
rock. The condition of the rock specimen does not preclude 
that possibility. 
GA 3382 compares ambiguously on the diagrams. In the 
U-Pb systems it could be related to the 1,880 m.y. isochron, 
but in the Th-Pb system it falls well below that isochron. 
Thus, there is no sound basis for grouping the sample with 
the Kalkadoon Granite. 
TUFF MARKER BEDS 
Rubidium-Strontium Results 
The whole-rock Rb-Sr analyses for Tuff Marker Beds are 
plotted in Figure 34. Neglecting GA 2311, three lines are 
regressed through the points; one through all (eight) 
points, and two quasi-parallel lines through five points 
and three points respectively. The age and initial ratio 
corresponding to each isochron are listed in Figure 34. 
The scatter of the data leaves considerable uncertainty 
in the regression of a single, common isochron, or even in 
two ·sochrons as shown in Figure 34. An alternative isochron 
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Figure 34 , Tsochron plot of Rb - S r data for the Tuff Marker Reds , 
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(not shown) omitting numbers 2310 and 2311 gives a minimum 
age of 1,340 m.y. and an initial ratio of 0.7 52. 
The results of the leached residue analyses are shown in 
Figure 35. The points fit within experimental error, to an 
isochron of 1,346 ~ 48 m.y. with an initial ratio of 0.7457 
+ . 0048. The sl ope of the line is controlled mainly by GA 
2321 . As an alternative treatment, the slope of each tie-
line between whole-rock and leached residue analyses was 
calculated. Table 19 lists the calculated ages and initial 
ratios, which have mean values of 1,333 m.y. and 0.7537, 
respectively. 
Sample 
2319 
3396 
3392 
2321 
Mean 
TABLE 19 
Age and Initial Ratio Calculated from 
Whole-Rock/ Leached Residue Tie Lines 
Age ( m . y . ) Initial Ratio 
1296 
1352 
1336 
1346 
1333 
0.7754 
0.7384 
0.7639 
0.737 2 
0.7537 
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Figure J5 . Isochron p l ot of Rb - Sr data for the leached Tuff Marker Reds . 
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The scatter of the data may reflect open-system 
behaviour, variable initial ratio or internal redistribution 
within a closed system. Stratigraphically, the Mine 
sequence (including the tuff beds) is considered to be 
older than the Sybella pegmatite, that is, older than 
1,540 m.y. (Richards, 1966). Thus the isochron ages are 
anomalously young . It is possible that the abnormally 
high K content of the tuffs is a product of post-depositional 
addition (Croxford, 1964, p.40). If so, concurrent addition 
of Rb (which is geochemically coherent with K) or depletion 
in Sr could have occurred. Such open-system behaviour may 
have operated at some time between 1,JJO and 1,400 m.y. ago, 
sufficient to effect a decreased apparent age for the Tuff 
Marker Beds. 
The disposition of the analyses may be the result of 
variable initial ratio. Ferroan dolomite and acidic 
vitroclastic material are the two principal components of 
the tuff beds. Each component may have originally differed 
in Sr-isotope composition, whereby the initial ratios for 
a number of samples would be variable according to the 
rela ive proportions of the two components. However, the 
leaching experiment illustrated that with one component 
removed the apparent age for the residue remained unchanged. 
Thus, if there had been an initial difference in the 
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Sr-isotope composition between the two components, subsequent 
homogenization has obliterated it. 
With no record of hydrothermal alteration in the Mine 
sequence, the time of post-depositional open-system 
conditions (i.e. devitrification) is probably very close to 
the time of deposition. During devitrification, in contact 
with connate sea water, the volcanic material would have been 
most susceptible to exchange of constituents. Post-
depositional history includes lithification, burial to some 
unknown depth (temperatures not greater than J00°c, 
according to Fisher, 1960, p.104), folding 
remobilization of sulphides and carbonates 
with 
and uplift. 
From this it appears probable that the isotopic composition 
of Sr in the tuff beds (perhaps in the adjacent shale beds 
also) was continuously being homogenized until some time 
between l,JJO and 1,400 m.y. ago. The scatter of the data 
reflects areal differences in Rb / Sr ratio whereby 
homogenization was only locally effective. The relatively 
high calculated initial ratios accord with this hypothesis. 
It is perhaps significant that the range of K-Ar ages 
reported by Richards et al (1963) for biotite from the 
Sybella and Kalkadoon Granites, is roughly coincident 
(using \Rb= 1.39 x l0- 11yr- 1 ) with the time estimated 
for the beginning of closed system conditions in the Tuff 
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Marker Beds. This could signify that the second main 
regional deformation occurred much later than intrusion of 
the microgranite and pegmatite . Richards (1966, p.22) 
indicates that the biotite ages may reflect variable Ar-loss 
resulting from depth of burial, or intermittent pulses of 
decreasing tectonic activity. This would correspond to the 
'metamorphic veil' concept proposed by Armstrong (1966) 
whereby K Ar dates from orogenic belts give the time at which 
the conditions of metamorphism (particularly temperature) 
decreased to below the threshold of diffusive Ar-loss. 
Assuming that emplacement of the Sybella microgranite and 
pegmatite represents the latest igneous event (except 
possibly, for the fresh dolerite dykes), loss of Ar in 
response to possible regional metamorphism, may have continued 
for 150 m.y. Alternatively, diffusive Ar-loss may have 
continued independent of regional metamorphic conditions, 
prompted only by the temperatures at the appropriate depth 
of burial~ 
Whatever the cause, the writer concludes that the Tuff 
Marker Beds were internally open systems within which 
radiogenic Sr was free to diffuse until about 1,350 to 
1,400 m.y. ago. 
ranium- Thorium-Lead Results 
Figure 36 shows the data for all three systems; 
Pb206 - 238, Pb 2 07 - U235, Pb208 - Th2 32. Four whole-rock 
analyses are presented, plus an unspiked Pb analysis of 
GA 3395, which contained so much Pb as to plot virtually 
on the ordinate. The isochrons are drawn with respect to 
the analyses corrected for fractionation . Assuming that 
all the error is experimental , a regression for the 
b 206 238 t . f 1 096 . th P - U sys em gives an age o , m. y. wi an 
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initial ratio of 16.31. Similarly, the Pb 208 - Th2 3
2 
system gives an age of 1,016 m.y. with an initial ratio of 
36.35. A line regressed through all points in the 
Pb207 u2 35 system gives a very young age. An isochron of 
1,096 m.y., passing through three analyses, gives an initial 
ratio of 15.64. 
206 238 208 232 The Pb - U and Pb - Th systems give ages 
that are concordant within the limits of experimental error. 
With greater analytical precision the Pb 207 - u2 38 system 
may also be concordant. The ages are significantly lower 
than those given by the Rb-Sr system. Several points must 
be considered in interpreting the results: 
1. The tuffs have been subjected to open system 
conditions, as seen in the Rb-Sr results. It is 
equally possible that variable initial ratios 
exist in the TT-Th-Pb systems 
2. The tuffs are proximal to the Pb sulphide ore 
bodies and could have been susceptible to addition 
Figure 36 Isochron plot of U-Th-Pb data for Tuff Marker 
Beds . The isochrons give ages of from top 
to bottom ; 1016, 1096 and 1096 m.y. (see text). 
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system conditions . 
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3 . GA 3394 is an acid-washed sample: ~A 3395 contains 
scattered grains of galena. 
4 . The spread of U-Pb and Th-Pb values is due mainly 
to variable Pb-content. 
An appropriate suggestion is sought, therefore, to 
explain the anomalously young age given by the results. 
Assuming that the tuffs are 1,600 m.y. old, the slopes of 
the isochrons are too low. The initial ratio, howe~er, is 
probably close to true. Exceedingly low initial ratios 
would be obtained by projecting a 1,600 m.y. isochron 
through any of the experimental points. Simple mixing 
by contamination with a different Pb is untenable. Thus, 
the cause of the inconsistency may be explicable in terms of 
systematic gain of U and Th, or loss of radiogenic Pb. The 
former is highly improbable in this geological situation. 
Loss of radiogenic Pb for some considerable time after 
consolidation of the rock, appears feasible. Internal 
redistribution of Pb-isotopes, post-deposition, is consistent 
with the interpretation of the Rb-Sr results. Doe and Hart 
(1963) intimated that isotopic redistribution in feldspars 
(in response to contact metamorphism) was effective for Pb 
at conditions of lower metamorphic grade than for Sr. The 
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lower isochron age in the U-Th-Pb system, compared with the 
Rb-Sr system, bears this out. 
Without knowing the budget of Pb in the tuffs it is 
difficult to evaluate how much effect the redistributed 
radiogenic Pb has had on the initial ratios. If the 
present (four) whole-rock analyses are taken to be 
representative, then the average µ-value for the tuff-
system is somewhat greater than nine. If the radiogenic Pb, 
which was produced within the system between the time of 
deposition and 1100 m.y. ago, was continuously re-homogenized, 
then the extrapolated initial ratios should be considerably 
more radiogenic than those obtained (assuming the ore Pb 
to represent the approximate true initial ratio). Thus, 
some of the radiogenic Pb may have escaped the tuff system 
and become integrated (and swamped) with the ore Pb. 
EASTER CREEK VOLr-ANICS 
Uranium-Thorium-Lead Results 
Figure 37 shows the data for six whole-rock samples, 
one of which (GA 3398) has no paired, 'corrected' values. 
One analysis of galena (Pb 267), which occurs within the 
Volcanics, is plotted on the ordinate. The age of the 
Volcanics is arbitrarily taken to be 1,790 m.y. This is 
the assumed maximum age for the unit (see discussion in 
Figure 37 I sochron plot of U-Th-Pb data for Eastern 
Creek Volcan i cs. All isochrons give 1790 
m. y . (see text). 
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Previous Investigations). Thus, with a predetermined slope, 
the isochrons in Figure 37 have been drawn with some 
allowance for possible leaching of U or Th. In this 
respect, samples 3402 and 3399 appear to define the most 
' closed' syst~m . 
The initial ratios derived from the isochrons are; 
206/204 = 16 . 17, 207/204 = 15 . 70, 208/204 = 36.32. One 
reservation can be considered for the Pb 207 - u2 35 system. 
If the sample of galena is taken to be a marker, then the 
isochron should originate close to the 207 / 204 ratio of the 
galena in accordance with the other two isochrons. Thus, a 
line passing close to the 'corrected' values for GA 3399 
and 3402 may provide a better estimate of the initial ratios 
This alternative gives a 207 / 204 ratio of about 15.55. 
The 'corrected' values for GA 3400 appear to be 
exaggerated a Thus , the 'uncorrected' values are taken to 
be more nearly true . GA 3398 is aberrant in the U- Pb 
system. This is the sample of amphibolite taken from west 
of the Mount Isa fault. Because of its proximity to the 
Sybella Granite, it is possible that some degree of 
equilibration of Pb-isotopes between granite (or 
microgranite, or pegmatite) and the amphibolite has occurred. 
If equilibration had been complete, the amphibolite could 
be included in the suite of granitic samples on an isochron 
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diagram. nfortunately, the whole - rock analysis is poor and 
must be regarded as provisional. To resolve whether or not 
the intrusive event(s) measurably influenced the adjacent 
amphibolite (with regard to the U-Th-Pb systems), more 
precise analysis of a number of samples is needed. 
SUMMARY 
n summary, the combined Rb-Sr and U-Th-Pb whole-rock 
isochron study has contributed to the geochronology of the 
Mount Isa region. Furthermore, the additional knowledge 
gained from the Rb-Sr analyses has provided a fairly firm 
basis for the placement of isochrons in U-Pb and Th-Pb 
systems. Two of the five units studied, Sybella 
microgranite/pegmatite and the Tuff Marker Beds, have given 
more or less independent results. The remaining three units, 
from combined scatter and reduced spread of enrichment, have 
not given worthy, independent whole-rock isochrons. Much of 
the scatter is experimental, some may be due to recent 
weathering effects, but some obviously reflects real 
complexities (e.g. Kalkadoon Granite) within the rock s yst ems. 
With reduced experimental scatter and more analy ses, such 
complexities may assume systematic behaviour more amenable 
to detailed interpretation . 
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It is recommended that such a project be initiated with 
an intensive Rb-Sr study of whole-rocks and component 
minerals, as a guide for selecting appropr ate specimens 
for U-Th-Pb analysis. From both studies, the number of 
analytical 'degrees-of-freedom', providing both independent 
and correlative results, should allow sound interpretation 
and rigorous testing of alternatives. In this study, 
whole-rock Rb-Sr results have given little indication of the 
extreme isotopic inhomogeneity seen in the U-Th-Pb results 
for the Kalkadoon Granite. Presumably, much more evidence 
of prior crustal history is retained in the U-Th-Pb system, 
particularly in the Pb-isotopes. 
The main conclusions arising from this whole-rock 
isochron study are as follows: 
1. The whole-rock Rb-Sr isochron ages for the Sybella 
Granite indicate two main periods of emplacement; coarse 
porphyritic granite at 1,660 m.y. and microgranite and 
pegmatite at 1,550 m.y. ago. A multi-stage crustal history 
is evidenced by an extrapolated zircon age about 1,760 m.y. 
2. Whole-rock Rb-Sr study of the Kalkadoon Granite 
indicates that the granodiorite may be as old as 1,930 m.y. 
and that the 1 1,760 m.y. event' accords with emplacement 
of marginal adamellite and granite. If the isochrons are 
real, then subsequent 'events' have not induced any gross 
open-system conditions. 
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J. Initial Sr ratios are consistent with the following: 
a . The Kalkadoon granodiorite was possibly derived 
from mantle-type material. 
bo All other units were derived from crustal material. 
c. Generally, the initial ratios increase with 
decrease in age. This may reflect fractionation 
of Rb and Sr through several stages of partial 
melting. 
4. Initial Pb ratios show the same relative behaviour. 
In addition, some of the initial ratios indicate a stage of 
considerable crustal enrichment in U. 
further in Chapter 7. 
This is discussed 
5 . The adamellite which intrudes the Yaringa Metamorphics 
appears somewhat anomalous compared with both the Sybella and 
Kalkadoon U-Th-Pb systems . Different initial ratios, perhaps 
resulting from assimilation, may account for this, but the 
explanation remains unresolved. 
6. From geochemical data, the Eastern Creek Volcanics 
appear to have gained U, Th and Pb. The isotopic data, 
though not inconsistent with a 1,750 to 1,800 m.yo isochron, 
do not resolve what process(es) may have influenced them. 
Initial Pb ratios suggest that there has been little gain 
of Pb from the 1,775 m.y. or younger, intrusions. 
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7 . Both Rb-Sr and U-Th-Pb results illustrate that 
radiogenic Sr and Pb isotopes were redistributed internally 
within the Tuff Marker Reds post-depositionally. Rb-Sr 
data suggest that diffusion of Sr effectively ceased at 
1 , 350 to 1,400 m. y . ago . The younger apparent age given 
by U-Th-Pb results indicates that diffusion of Pb 
effectively ceased at about 1,100 m. y . ago. 
TRODUCTIO 
CHAPTER 7 
LEAD ISOTOPES 
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Following on from the whole-rock U-Th-Pb results, this 
chapter is concerned with graphical presentation and 
discussion of whole-rock Pb-isotope data. Two modes of 
presentation are followed. In the first, the present-day 
isotopic ratios for all samples are discussed; in the 
second, attention is concentrated upon the initial ratios 
for each unit whi c h have been derived (in the previous 
chapter) by extrapolation on Nicolaysen diagrams. 
For the observed ratios, Pb-isotopic data tabled in 
Chapter 4 are presented in Figures 38, 40, 41 and 42. As 
with the Nicolaysen diagrams (Chapter 6), the data are 
plotted in two forms, both as measured, and as corrected 
for isotopic fractionation. Each rock unit is treated in 
turn, the respective diagrams showing 207/204 (y) and 
208/204 (z) plotted against 206/204 (x). All diagrams show 
the average Mount Isa ore Pb composition (204:206:207:208 = 
1 : 16 . 225:15 . 605 : 36 . 242) taken from Richards (1968, p. 259) 
and Ostic et al (1967, p . 254), and single-stage growth 
curves forµ= 8.99 and k = J.92. 
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Regressions are described in the text, but since 
several alternatives are given for each unit, the lines are 
not drawn in the diagrams. The regressions illustrate, in 
a general way, whether or not the U and Th measurements 
are close to correct. Further, they illustrate which of 
the data (uncorrected or corrected for fractionation) tend 
to give the best results. Ideally, there should be good 
agreement between the isochron ages given by the Pb-Pb 
and the U-Pb and Th-Pb regressions; that is, there is no 
independent information concerning age determination, to be 
gained from the Pb-Pb regressions. Least-squares regressions 
were calculated assuming all-error-in-y. For the 'x-y' plot, 
most of the uncertainty is in y because of the low slope 
and the fractionation effects. For the 'x-z' plot, the 
error is probably more equally divided between x and z, 
but the data do not merit rigorous statistical treatment. 
OBSERVED RATIOS 
Sybella Microgranite/Pegmatite 
Figure 38 shows the three analyses (corrected values 
circled) for the Sybella microgranite/pegmatite. In 
addition, the analy sis of the pegmatitic feldspar (3389), 
which was not acid-washed, is plotted showing relatively 
little change between the uncorrected and corrected values. 
Figure 38 Plot of measured Pb-isotope values for 
Sybella granite and microgranite / pegmatite 
samples. Primary growth curves for 
µ = 8.99 and k = 3.92, and the value for 
Mount Isa ore Pb ( !) ) 
reference. 
are shown for 
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As stated in Chapter 4, this indicates that the uncorrected 
value for the acid-washed sample is likely more valid. 
n the 'x-y' plot, a line regressed through the uncorrected 
values gives an age of 1,576 m. y., in good agreement with 
U-Pb isochrons. A line through the corrected values gives 
an age of 1,710 m.y. 
In the 'x-z' plot, a regression through the uncorrected 
analyses (taking the age as 1,560 m.y.) gives a k-value 
o 3 . 21 . This is in fair agreement with the observed Th/U 
ratios. 
Coarse Sybella Granite 
Figure 38 shows also, the data for the coarse Sybella 
granite. In the 'x-y' plot, the best alignment of points 
includes the corrected Talue of 3375 and the uncorrected 
values for 3373, 3374, 3374~~, 3374F, 3375F, 3381, 3382 and 3384. 
A regression through those nine points gives an age of 
Omitting the two sieved-fraction analyses (F) 
the same result is obtained. The corrected values are 
much more scattered. For the seven points (omitting the 
sieved-fraction analyses) a regression through the corrected 
values gives an age of 1,300 m.y. Including the microcline, 
3375M, that regression gives 1,740 m.y. Obviously the 
scatter in the data is too great to allow a valid 
regression. 
-
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Fi&ure 39 . A plot of Pb 208/Pb 206 versus Th/U illustrating a bimodal distribution 
of Th/U ratios . Sample GA 3377 (Th/ U = 10 0 8) is not shown . The dotted line is 
drawn through the Sybella granite analyses . 
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The 208/204 results are also widely scattered, but tend 
to fall into two groups . That is, two lines can be drawn 
through two groups; 
1 . 3373, 3381, 3384, 586 and 
2 . 3374, - 3374-;:, 3375, 3382, (3375F). 
Assuming an age of 1,660 m. y . (see Chapter 6), the slopes 
of the lines give k - values of about 3.5 and 5.0, 
respectively. The grouping is better illustrated in Figure 
39, a plot of 208 / 206 versus observed Th/ U ratio. There 
is a hint of bi-modal frequency distribution of Th/U ratios 
in the results for both Sybella and Kalkadoon Granites. 
The distribution does not appear consistent with simple 
magmatic fractionation, but may reflect derivation from a 
heterogeneous source . The implication is that both 
Granites are derivatives of such a source. Lambert and 
Heier (1968, p . 43) suggest that shield granites and gneisses 
have characteristically higher Th/ U ratios than do 
intrusive granites in higher crustal levels. Thus, both 
types of material may be represented in the two Granites. 
Kalkadoon Granite 
Figure 40 shows the Kalkadoon Granite data. For the 
'x-y' plot several regressions are recorded. A line t hroug h 
the uncorrected values for 3377, 3378, 3379 and 3380, g ives 
an age of 1,900 m. y . in good agreement with previous resu l t s 
Figure 40 Plot of measured Pb-isotope values for Kalkadoon 
Granite samples. ,Primary growth curves for 
µ = 8.99 and k = J.92, and the value for Mount 
Isa ore Pb ((\) are shown for reference. 
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(chapter 6) . A regression through the corrected values 
for those samples plus the corrected JJ72 value, gives an 
age of 1,955 m. y . A line through all points, uncorrected 
or corrected, is unduly steep . Samples JJ71 (and JJ76F), 
which lie on the low side of the 'tot a l' regression, have 
previously been suggested (Chapter 6) to be younger 
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(1,775 m. y . ). An apparently valid separation of the latter 
from the remaining samples can again be made. The analysis 
for 379 appears to be faulty, even for the uncorrected 
value (i . e . that point would extrapolate to a very low 
µ-value) . Geologically, since the rock is a 'hybrid' which 
has been contaminated, possibly by assimilation of Eastern 
Creek Volcanics, it may belong to the younger (1,775 m.y.) 
age group . Its location is consistent with the suggestion 
(Chapter 6) that younger granitic material occupies the 
western margin of the Kalkadoon mass . 
The 'x-z' plot exhibits a wide range of values which 
are again, most likely the result of a heterogeneous source. 
Eastern Creek Volcanics 
The data for the Eastern Creek Volcanics are plotted 
in Figure 41 . For the 'x-y' plot, lines put through 
various combinations of points give isochrons of from 
l,500 to 2,100 m. y . Thus, a valid isochron for this data 
is virtually indeterminate . For the 'x-z' plot, assuming 
..... 
Figure 41 Plot of measured Pb-isotope values for 
Eastern Creek Volcanics samples. Primary 
growth curves forµ= 8.99 and k = J.92, 
and the value for Mount Isa ore Pb (~) 
are shown for reference. 
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Figure 42 . A combined "x-y" and "x-z" plot of' Pb isotope values f'or the 
Tuff' Marker Beds , Growth curves f'or µ = 8.99 and k = J,92 are given, 
q Mount Isa ore Pb 
an age of 1,790 m. y . (see Chapter 6) , the points scatter 
about a mean k-value of 3.9, similar to that for the ore 
Pb . 
Tuff Marker Beds 
Figure 4 2 shows the Tuff Marker Bed data. For the 
'x-y' plot, the four corrected values give an isochron of 
277 m. y . , whereas the uncorrected values (neglecting 
3395) give an isochron of 956 m. y. (It must be observed 
that since isotopic redistribution has almost certainly 
occurred, all values are suspect . ) If the regression is 
assumed to go through the Mount Isa ore Pb composition, 
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the resultant age is about 1,025 m.y. Thus, the uncorrected 
values given an age that is roughly concordant with that 
given by the U- Pb isochrons . 
For the 'x-z' plot, the points define a line which 
gives a k-value of 3 . 2 . However, since the age registered 
by the is o topic values is not the real age of the deposit, 
the real k- alue is probably much nearer that of the Mount 
sa ore Pb . 
I ITIAL RATIOS 
Comparison of the Pb-isotope composition in ore 
deposits and in surrounding rocks in search of a 
possible genetic relationship -- has been attempted 
previously. Studies of Pb in granitic potash feld~par 
(Murthy and Patterson, 1961; Doe, 1962) have been 
particularly fa oured because a great percentage of Pb 
initially contained in a magma is incorporated in that 
mineral, with virtual exclusion of U and Th. In 
unmetamorphosed rock, except for a small, sometimes 
insignificant correction for radiogenic addition, the 
potash feldspar contains Pb of isotopic composition near 
that of the initial ratio. However, as discussed in 
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Chapter 1 9 such studies could be affected by open-system 
behaviour or by internal isotopic redistribution, as 
illustrated by Tilton et al (1955) and Doe and Hart (1963). 
The present study is a pioneer attempt to utilize whole-
rock lJ-Pb and Th-Pb isochrons to obtain initial ratios for 
the purpose of comparison with ore Pb . As a natural 
consequence the study provides considerably more information 
concerning the rock units, themselves. 
Best-estimates of initial Pb-isotope ratios for each 
rock unit are listed, with approximate confidence limits, 
in Table 20. As previously mentioned, the nature of the 
analytical uncertainties restricts rigorous statistical 
analysis of the data. Therefore, .the confidence limits 
placed on the initial ratios are based on visual estimation 
and cannot be assigned a level of confidence. For each 
ABLE 20 
able of Initial Ratios 
Rock Unit Ratio Min 
Kalkadoon Granodiorite 206/204 15.8 
(1880 m.y.) 207/204 15.46 
208/204 36 . 4 
Coarse Sybella Granite 206/204 16.8 
(1660 m.y.) 207/204 15.67 
208/204 36.8 
Microgranite/Pegmatite 206/204 17.5 
(1560 m.y.) 207/204 15.64 
208/204 36.5 
Tuff Marker Beds 206/204 ? 
207/204 ? 
208/204 ? 
Kalkadoon Adamellite 206/204 19.5 
(1775 m.y.) 207/204 15.95 
208/204 (35.1) 
Kalkadoon GA 3380 206/204 27.5 
(1880 m.y.) 207/204 16.90 
208/204 37.3 
Eastern Creek Volcanics 206/204 16.1 
(1790 m.y.) 207/204 15.52 
208/204 35.9 
Best 
Value 
16 .1 
15.60 
36. 7 
17.0 
15.76 
37.2 
17.55 
15.82 
37.0 
16.3 
15.64 
36.35 
19 .8 · 
15.98 
36.6 
27.75 
16.99 
37 .42 
16. 2 
15.63 
36.3 
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Max. 
16.6 
15. 74 
37.3 
17.2 
15.88 
37.8 
17.6 
15.90 
3'7.2 
? 
? 
? 
19.9 
15.99 
36.8 
28.0 
17.10 
37.5 
16.5 
15.75 
36.5 
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rock unit, the uncertainty in initial ratio is a function, 
partly of the uncertainty in age, but principally of the 
analytical (and geological) scatter in the data. Some 
corroboration of the initial ratios can be obtained from 
Pb-Pb regressions. For example, taking the initial 
206/204 value for the Sybella granite from Table 20, the 
two regressions on p. 173 (giving ages l,835 m.y. and 
1,298 m.y.) give corresponding. 207/204 values of 15.70 and 
15.84, respectively. These values fall well within the 
estimated limits. In general, however, the Pb - Pb 
calculations provide no additional constra ints on the 
estimated initial ratios. 
The initial ratios are plotted in Figure 43, combining 
all results. Again, the Mount Isa composition and the 
primary growth curves (µ = 8.99, k = 3.92) are given for 
referenceo The Tuff Marker Beds initial ratios are given 
without error limitso It is difficult to assign any 
meaningful limits and there would be little gain in 
attempting to do so. From previous discussion (Chapter 6), 
it appears that the ore Pb and the tuff beds have about the 
same initial ratios, within experimental error. 
The following observations concerning initial ratios 
can be made: 
Figure 43 Plot of init ial Pb ratios for all units. 
Primary growth curves forµ= 8 .99 and 
k = Jo92, and the value for Mount Isa ore 
Pb (~) are shown for reference. Estimated 
confidence limits are indicated. 
A Kalkadoon granodiorite 
B Sybella granite 
C Sybella microgranite/pegmatite 
D Tuff Marker Beds 
E Eastern Creek Volcanics 
F Kalkadoon adamellite 
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1. 'x-y' Plot 
a. All of the initial ratios have apparent µ-values 
greater than that of Mount Isa ore Pb. This observation 
is tempered somewhat by the rather large estimated 
confidence limits. 
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b. As was obvious in the Nicolaysen plot (Chapter 6), 
the Kalkadoon Granite comprises rocks with various initial 
ratios, showing extreme crustal enrichment. However, the 
number of samples analyzed in this study is probably not 
representative of the granitic mass as a whole. It_ may be 
that most of the granodioritic samples would project to near 
the least-enriched initial ratio. 
c. Greater radiogenic enrichment is seen progressing 
from Kalkadoon granodiorite and Eastern Creek Volcanics, to 
Sybella granite, to Sybella microgranite/pegmatite. That 
is, the normal age relationships as determined by the Rb-Sr 
data 9 are preserved in the initial ratios. 
d. Neither the Sybella granite nor the microgranite / 
pegmatite appears to have contributed Pb in any significant 
amount to the Mount Isa ore deposit. 
e. The Kalkadoon granodiorite and the Eastern Creek 
Volcanics, although presumably much older units, plot very 
close to the Mount Isa ore Pb. This could provide a clue 
as to the derivation of the Pb, and is discussed further on. 
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2. 'x-z ' Plot 
a • All initial ratios are enriched in Pb
208 
with respect 
to the Mount Isa ore Pb. 
b. Apparent single-stage k-values are higher than the 
Mount Isa value in the Kalkadoon granodiorite, Eastern 
r,reek Volcanics, and the Sybella granite, and are lower 
for the microgranite / pegmatite, and other Kalkadoon samples. 
Despite the anomalously high 206/204 ratios, the latter 
have normal 208/204 values. Thus, those samples must have 
developed in prior systems characterized by very low 
k-values. Such are presumably the vagaries of crustal history. 
c. The Sybella granite is more enriched than the 
Kalkadoon granodiorite and Eastern Creek Volcanics, and 
appear to be enriched in Pb 208 relative to the 
microgranite / pegmatite. This is the first piece of evidence 
that is inconsistent with the hitherto simple fractionation 
trend between the Sybella granite and the microgranite / 
pegmatite . 
d. Again, the Sybella granite and the microgranite / 
pegmatite appear to have contributed little or no Pb to 
the ore deposit. The Kalkadoon granodiorite and, particularly, 
the Eastern Creek Volcanics plot fairly close to the Mount 
Isa Pb. 
-- -·-- ---------------------------
The results thus far indicate that the Tuff Marker 
Beds are probably genetically associated with the ore 
deposit, and that the Sybella granite and microgranite / 
pegmatite are not. The ultimate source of the ore Pb 
remains to be considered. 
DISCUSSION 
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The following discussion must be considered as 
tentative, subject to the uncertainties in initial ratios. 
The pattern of initial ratios, as seen in Figure 43 1 presents 
a complex situation. From the 'x-y' plot, it is apparent 
that all ratios reflect a crustal history. It is perhaps 
significant that (a) the ore Pb and the rock leads all 
require a high-µ derivation, (b) the Mount Isa - Cloncurry 
region is a noted U province, and (c) heat flow measurements 
at Mount Isa are higher than average for Precambrian terrain 
(Hyndman and Sass, 1966). 
The Kalkadoon granodiorite, Sybella granite and 
Sybella microgranite/pegmatite initial ratios all exhibit 
J-type anomaly. Th . h d . Pb 206 1 t· t th ey are enric e in re a 1ve o e 
possible values given by primary isochrons. The Kalkadoon 
granodiorite was probably derived from an older crustal 
system of indeterminate character. The average U/Pb 
ratio in that system was probably high relative to the 
primary(µ= 9.0) growth curve. 
If the Sybella granite was derived from a source 
represented by the Kalkadoon granodiorite, the µ-value 
(20.3) must have been increased over that of the former 
system. This may accord with the previous suggestion 
(Chapter 5) that the Sybella granite possibly comprises 
later, fractionated material. Similarly, possible 
derivation of the microgranite/pegmatite from the Sybella 
granite (see also, Chapter 5) requires a further increase 
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in µ-value (to 25 .0). Thus, while it is by no means certain, 
the data can be explained in terms of a fractionation series 
related to a high-µ crustal system. It is also possible 
that the granitic phases represent 'extracts' from a 
crustal system of near-constantµ (about 20.5). The writer 
realizes that it is probably a gross over-simplification 
to consider thatµ is a constant in a long-lasting crustal 
system which is subjected to a series of orogenic 'episodes'~ 
Likewise, sampling of such a system may involve assimilation 
of different material, which could appreciably alter the 
initial ratios. However, the data suggest that there existed 
a time-series development of related Granites in the Mount 
Isa region. 
The average observed µ-value in the Sybella granite 
samples is about 17. If the granite was derived from a 
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source ofµ~ 20, then that source may have been somewhat 
depleted in Pb relative to U. Alternatively, the source 
may have maintained a roughly constant µ-value, whereby 
U was partitioned from both the source and the Sybella 
granite. Such a process may have resulted in the U 
mineralization of the region. These possibilities depend 
on the stated average µ-value for the Sybella granite being 
lower than that for the source. Wider sampling of the 
granite, both areally and with depth, may considerably 
alter that average value. 
Models explaining the development of Pb-isotopes in 
the crust have been proposed by several investigators. 
Chow and Patterson (1962) explained the development of 
Pb-isotopes in oceanic pelagic sediments in terms of a 
two-stage development. The second stage was an average 
system(µ= 11.J) representing all crustal developments from 
the time that the Pb was extracted from a 'normal', or 
primary deep crustal system(µ= 9.0; subsequently shown to 
be 8.8). Wampler and Kulp (1964) extended the model to 
produce a 'primary' growth curve ofµ= 8.8, which was 
crustal-derived, and on which the time points are displaced 
to younger positions with respect to single-stage 
Holmes-Houtermans isochrons. Also, a crustal sub-system 
ofµ= 12, first-formed at 2,700 m.y. ago from the 'primar y ' 
Ii 
system, was contrived to illustrate the possible 
development of some Pb-isotopes. 
Armstrong (1968) proposed a model to explain the 
evolution of Pb-isotopes from a near-homogeneous 
µ-environment. Continuous cycling and equilibration of 
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continental (crustal) material with upper mantle material 
was proposed; a process which, through thorough mixing, 
would act as a governor on the Pb-isotope composition of 
the material (e.g. volcanics) re-introduced to the crust. 
Such a steady-state system would explain how common _Pb 
evolves in a system of very uniform U/Pb and Th/Pb ratio, 
even though most of the U and Th is concentrated in the 
crust. 
Figure 44 is a Pb-isotope model illustrating the 
simplest contrived explanation of later-crustal development 
in the Mount Isa region. The three principal granites; 
Kalkadoon granodiorite, Sybella granite, and Sybella 
microgranite/pegmatite, are presumed to be related to a 
common high-µ crustal sub-system which must be left 
'open-ended' o From the old end, the µ-value must eventually 
approach that for the 'primary' growth curve ( µ,v 9. 0). 
With this model it is almost inevitable that some pro,found 
. 
enrichment in U occurred at between 2.0 to 2.5 b.y. ago, 
when the sub-system was isolated from the primary system. 
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Figure 44 . An "x- y" plot illustrating possible crustal development of 
the rocks in the Mount Isa region, related to a system of µ = 20 . 
Points A to E are the initial ratios for 
A Kalkadoon granodiorite 
B Sybella granite 
C Sybella microgranite 
D Tuff Marker Beds 
E Eastern Creek Volcanics 
1) Mount Isa ore Pb 
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The process by which such a high-µ system developed may have 
involved extensive reworking and fractionation of crustal 
material. From the young end, the µ-value may still be 
high, or it may have decreased more or less abruptly in 
Precambrian time, expelling U to form near-surface ore 
deposits. 
The Mount Is8- ore deposit is situated in the upper 
part of a thick geosynclinal sequence and is associated 
with acid volcanics. Assuming that the Sybella Granite 
did not contribute the Pb, and that the Pb was not 
hydrothermally derived, then either contemporaneous volcanism 
(including fumarolic activity), or surface transport from 
the surrounding terrain, or both, provided the Pb. Except 
for granophyric liquids differentiated from basic magmas, 
the bulk of acid volcanics appears to be derived by partial 
melting of crustal material (e.g. Ewart and Stipp, 1968). 
Thus, if the ore Pb was provided by acidic volcanism, it 
is probable that the isotopic composition of such Pb is an 
average of the crustal material from which the volcanics 
(i.e. Tuff Marker Beds) were derived. 
Transport of Pb, as a product ~5f weathering, from 
sub-aerial terrain to marine depositional basin is certain 
to have occurred. The proportion of Pb added to the Mount 
Isa Group sediments in this way is difficult to evaluate. 
187 
From a 'uniformitarian' point of view , if the Pb was derived 
by normal erosional processes, then the whole sequence of 
Mount Isa Shale should be mineralized. An objection to 
this is that the Urquhart Shale is uniquely rich in elemental 
C and S (as sulphide), inferring a special (reducing) 
depositional environment. Thus Pb ordinarily dispersed 
throughout the sediment may have been concentrated by a 
special process. 
The Urquhart Shale was derived from acidic volcano-
elastic matter, calcium carbonate, and detrital quartz and 
accessory minerals (and sulphides). Apart from the volcanic 
material, there is little evidence for the provenance of 
the remainder. Tectonic land (carter et al, 1961) of 
acidic character may have been exposed to the east and 
west of the basin. If so, it was sufficiently distant to 
supply only pelitic sediment and soluble material to the 
presently exposed part of the marine depositional basin. 
It is possible that the ore Pb was derived from the 
weathering of older acidic terrain. Erosion of granitic 
feldspars may release Pb of isotopic composition which 
differs little from the initial ratio of the granite 
(assuming that U and Th, or the radiogenic Pb derived 
therefrom, have not entered the feldspar). If old granitic 
feldspars belonging to a high-µ crustal system were 
'r~ = 
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eroded, the Pb released would be enriched in Pb 206 
(slightly enriched in Pb 207 ) relative to the normalµ= 9 
system. Thus, an apparently younger Pb could be obtained 
from an older crustal system. The possible time-
transgression would depend on the partitioning of the 
feldspar-Pb and the more radiogenic Pb. If considerable 
radiogenic Pb was situated interstially in the rock, then 
it would be incorporated with, and thereby enrich, the 
feldspar-Pb. If most of the radiogenic Pb was retained in 
resistant minerals, the above process would be feasible. 
Thus, the Kalkadoon granodiorite (or other granitic rock 
having a similar initial ratio) under appropriate 
circumstances could have supplied, through weathering and 
erosion, most of the Pb in the ore deposit. 
The following calculation deals semi-quantitatively 
with the feasibility of such a process. From production 
and ore reserves figures published in Bulletin 51, the Pb 
content of the ore deposit is taken to be 5 x 106 tons, 
12 
Or 5 X 10 gmo Assuming that the feldspars contain 50 
micrograms of Pb per cubic centimeter of rock, one cubic 
kilometer of rock contains 5 x 1010 gm of Pb. From this 
estimation, the amount of Pb contained in the ore deposit 
is equivalent to that contained in 100 kmJ of rock. 
Taking an acceptable figure for rate of denudation of 
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continental interior terrain (Missouri River, Gilluly 
et al, 1960, p.71) as one foot per 7,800 years, the depth 
of denudation af er 5 x 105 years would be about 22 meters. 
Accordingly, an area of 4,700 km2 could have supplied, 
through erosion, an amount of Pb equivalent to that 
contained in the Mount Isa Pb ore deposit. Thus, depending 
on the rate of sedimentation of the shale, this is not too 
unreasonable a figure. 
This argument can be extended to explain the possible 
derivation of Pb contained in the original tuff of the Tuff 
Marker Beds. Doe (1967) showed that rhyolitic rocks are 
generally unenriched even where they are derived in 
Precambrian terraino He suggested that the easily-mobilized 
radiogenic Pb may somehow be 'flushed' from the granitic 
rock prior to assimilation or partial melting. Thus, the 
assimilation or anatexis of feldspathic rock could produce 
a magma of Pb-isotope composition tending towards that of 
the previous feldspar . From the calculation above, a 
source of greater than 100 km 3 would be required. If the 
(rhyolitic) tuffs at Mount Isa were derived by partial 
melting of older granitic rock, the Kalkadoon granodiorite 
(or similar rock) may have been the source. Therefore, if 
the tuffs and the ore Pb are co-genetic, they may have been 
produced from the crystalline basement rock. 
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In Figure 43 the initial ratios for (a) the younger 
(1,775 m. y.) Kalkadoon adamellite, and (b) GA 3380 (1,880 m.y.), 
206 indicate that there is an apparent excess of Pb . The 
points fall well below any reasonable 1,880 or 1,775 m.y. 
isochron (e.g . those extended through the granodiorite 
initial ratio). Several explanations can be offered: 
1. The values could reflect a recent U-loss effect 
whereby insufficient radiogenic Pb has been subtracted from 
the present-day values. However, the amount of U necessary 
to position the values on reasonable 1,880 or 1,775 m.y. 
isochrons, would indicate that over two-thirds of the U 
has been lost. To negate this possibility there is no 
petrographic evidence to suggest losses of that magnitude, 
either by weathering or by recent hydrothermal action. 
For GA JJ80, the present TT-content is high (10.6 ppm). It 
is unlikely that the sample contained JO ppm U until 
recently. For all three samples the Th/ U ratios are normal 
• 
(about four to five) whereas a three-fold increase in the 
U-content would give anomalously low Th/ U ratios. 
2 . A young event at 400 to 500 m.y., with strong 
fractionation of U and Pb (giving a high µ-value), may 
have resulted in the great increase in Pb 206 relative to 
the 'normal' granodiorite. Such an event has not been 
recorded in any other isotopic investigation in the area, 
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nor is it apparent in the present study. No y oung tectonism 
is evident in the structural elements of the region. Thus, 
such an event is highly unlikely. 
3 . f 222 • Gain o Rn (or more appropriately, gain of 
'active deposit' from Rn222 ), the gaseous intermediate 
daughter in the u238 decay series, would result in a net 
. f b 206 1 t· t Pb 2 0? S h ld gain o P re a ive o • uc a process wou 
probably require a considerable nearby concentration of U, 
in order that the partial pressure of Rn be great enough 
to permit leakage. The leakage would presumably be 
continuous with time until present-day. Neither in any of 
the other rork units investigated in this studv, nor in the 
results of Zartman (1965) is there evidence for Rn-leakage 
in rocks of 'normal' U content. 
Of the three possibilities, gain of Rn appears to be 
most likely. The region is a U province which includes 
the Mary Kathleen mine and various U prospects. At 
'Counter' prospect, the blocks of mineralized acid lava 
may belong to the Leichhardt Metamorphics (refer to Chapter 
5) . If the mineralization was primary; that is, introduced 
as a constituent of the breccia fragments and not from 
later hydrothermal fluids (there are no obvious 
hydrothermal gangue minerals), then parts of the Leichhardt 
Met amorphics may contain over 2,000 ppm U. Association 
with such a rock-type or, perhaps fortuitously, with a 
nearby ore deposit, lends geological credibility to the 
possibility of Rn-gain. The physical separation of the 
three samples points to the possibility of there being a 
rather wide distribution of high U content rock. It is 
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difficult to evaluate what concentration of U might produce 
this effect. 
Another possible example of enrichment in Pb 206 due 
to gain of Rn 222 is given in the data for galena at Rum 
Jungle, Northern Territory (Richards, 1963). The an-omalous 
Pb 206 -enrichment (illustrated particularly well in Figure 
2b, p.221) orcurs in samples that are located within 1,000 
feet of White's U ore body. To explain the results, 
although contemplating a possible younger 'event' at between 
990 and 1,340 m.y . , Richards (p . 236) favoured a diffusive 
process of radiogenic enrichment continuing until the present. 
Gain of Rn222 (or its solid decay products) could have been 
that diffusive process. 
Assuming that the excess of Pb 206 is due to gain of Rn, 
the initial ratios can be extrapolated to approximate 
1,880 and 1,775 m.y. isochrons passing through the 'normal' 
Kalkadoon granodiorite value. The adjusted values still 
illustrate heterogeneity of initial ratios, indicating 
derivation from previous crustal environments of differing 
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µ-values (up to 40, or more). (Perhaps these rocks have 
been recipients, also, of radiogenic Pb 'flushed' from lower 
levels (see p.189) prior to magma generation -- and 
volcanism.) 
The Eastern Creek Volcanics initial ratio plots close 
to the Mount Isa ore Pb value in both the 'x-y' and 'x-z' 
diagrams. The unit is basaltic and can on that count be 
considered to be a product of sub-crustal derivation. 
Within the estimated confidence limits, the Volcanics may 
have retained their initial-Pb characteristics. However, 
it was previously suggested (Chapter 5) that the Volcanics 
may have received additional U, Th and Pb through later 
metasomatism. The initial ratio may have been altered to 
the position shown in Figure 44, by mixing with more-
radiogenic Pb. Such Pb may have been derived from the 
older substratum -- the crvstalline basement. 
On the 'x-z' plot, the Volcanics and the ore Pb values 
plot an appreciable distance from the Kalkadoon 
granodiorite value. The former are less-enriched in Pb 208 . 
Also, the younger Kalkadoon and the younger Sybella units 
are less-enriched than the respective older units. 
observations may be non-significant in view of the 
These 
uncertainties in the initial ratios. If the ratios are 
'real', the source of the granites is implied to have been 
heterogeneous with respect to Th/U ratio. 
CHAPTER 8 
SUMMARY 
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The study has attempted to provide further information 
concerning, 
1. the characteristics, radiometric ages and 
possible inter-relationships of various rock 
units in the Mount Isa region, and 
2. the possible derivation of the Mount Isa Pb 
ore deposit. 
On present stratigraphic evidence parts of the Kalkadoon 
Granite are older than the Sybella Granite, and of the 
latter, the microgranites and pegmatites are younger phases. 
This has been borne out in the present study. Petrographic, 
geochemical and isotopic results are consistent with a 
regional fractionation trend through which the various 
granitic units are generally related. Such a trend does 
not necessarily imply magmatic differentiation, although 
magmatism is thought to be the dominant process in granitic 
emplacement. 
The relationship between plutonism and orogeny in this 
region remains poorly understood. Whether or not the 
postulated two main orogenies can be correlated with 
intrusion of the coarse Sybella granite (1,660 m.y.) and 
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the microgranite/pegmatite (1,550 m.y. ), successively, 
is uncertaino Detailed structural analysis may provide 
some definitive clues. Perhaps orogeny in the episodic 
sense is not a realistic model. The region may have been 
subjected to more or less continuous, 'restrained' orogeny, 
endured over 200 to JOO m.y., which was perhaps locally 
episodic at different times in different places. 
The stratigraphic position of the Mount Isa Shale 
with respect to plutonism is likewise uncertain. According 
to the model Pb-age of 1,600 m.y. it is tempting to Buggest 
that the unit was deposited between the times of the two 
Sybella granitic emplacements, and prior to the second 
'orogeny' . From the information given in this thesis, 
however, regarding the geological and geochemical aspects of 
the Mount Isa region, the 'primary Pb' model would appear 
to be inadequate. There remains the possibility that the 
unit is older than both Sybella phases; perhaps as old as 
1,700 m.y. In the same vein, the Eastern Creek Volcanics, 
although taken here to be close to 1,800 m.y. old, may be 
closer to 1,700 m. y . old. 
The Pb-isotope results have fortified the hypothesis 
that the Tuff Marker Beds and the ore Pb are closely 
associated, and - that submarine volcanism may have been the 
source of the Pb. Association of the ore Pb with rhyolitic 
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material reduces the likelihood that the former was 
sub-crustally derived. From the initial Pb ratios, it is 
suggested that the Kalkadoon granodiorite may represent 
some crustal material which, through partial melting, 
supplied both the ore Pb and the associated volcanics. 
Also, it can be stated with a fair degree of confidence, 
that neither the coarse Sybella granite nor the 
microgranite/pegmatite contributed any appreciable Pb to 
the ore deposit. 
While this project has added new information to the 
geochemistry and geochronology of the Mount Isa region, 
there is unlimited scope for additional study. The writer 
has emphasized the need for comprehensive structural, 
petrological and petrochemical study of all rock units in 
the region. In addition, the following suggestions are made: 
1. A full-scale Rb-Sr geochronological study should 
then be made subsequent to detailed mapping to determine 
more precisely the radiometric ages of various phases of 
the Kalkadoon and Sybella Granites. Separated mineral 
analyses may provide evidence for redistribution of Rb and 
Sr. 
2. A study of zircon, and perhaps sphene, ages may 
provide information bearing on the previous history of the 
granitic rocks. In particular, an experiment should be 
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designed to treat the zoned zircons to obtain isotopic data 
from the inner and outer zones (perhaps utilizing the 
'systematics' of Steiger and Wasserburg, 1967). 
J . Rb - Sr and U-Th- Pb study of the Leichhardt 
Metamorphics may clarify the possible relationship between 
that unit and the Kalkadoon granodiorite. Also, a more 
detailed whole-rock investigation of the possible Rn-gain 
in the Leichhardt-Kalkadoon complex is warranted. 
4 . The acid lavas 'Which occur at the top of the Myally 
Beds should be investigated (petrologically and 
geochemically) for a possible genetic link with the Tuff 
Marker Beds. 
5 . A study of the MacArthur River ore Pb and the 
associated tuff beds should be undertaken to provide a 
comparison with the results for the Mount Isa deposit. 
The method of whole-rock U-Th-Pb analysis of old rock 
units, as utilized in this study warrants further 
development and trial . The analy tical procedure is likely 
to remain lengthy and tedious, although even a 25 per cent 
reduction in time-per-anal y sis would be appreciable. In 
this respect, ion-exchange methods are amenable to more 
rapid chemical treatment of samples compared with solvent 
extraction . A technique to dissolve a rock sample in a 
single step, to eliminate the present necessity for fluxing 
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of insoluble residues, would save time, and would eliminate 
the possible contamination introduced in that step. For 
future projects it is recommended that the risk of surface 
leaching of specimens be reduced by sampling only fresh 
rock, blasted if necessary . Particular care should also 
be given to the preparatory crushing and grinding of 
samples regarding contamination and mechanical fractionation 
of accessory minerals. 
The results of this study indicate that undisturbed, 
magmatic granite is amenable to geochronological st~dy 
through U- Th-Pb systematics. Granite, which has been 
disturbed by orogeny (and perhaps by U-mineralization), and 
which has assimilated appreciable country rock, is liable 
to produce complicated isotopic results. There is a 
suggestion in the study of Zartman (1965) that gneissic 
rocks may provide 'well-behaved' results due to a presumably 
higher degree of isotopic equilibrium in response to orogeny. 
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GA No . Rock- Type 
3371 Adamellite 
APPE DIX A 
SAMPLE DESCRIPTIONS 
Latitude 
(south) 
Longitude 
(East) 
139°331' 
, 
Unit 
Kalkadoon 
This is a medium-grained granitic rock with grain-size 
varying from 1 to 15 mm. The texture is allotriomorphic 
granular. Quartz occurs as relatively large, ragged, 
compound grains with serrated boundaries. It replaces 
plagioclase in a ' riddled' fashion and forms thin veins 
cross - cutting microcline grains. Plagioclase occurs as 
airly large , equant grains, somewhat saussuritized, which 
have a more albitic rim . Some grains have bent twin 
lamellae . Microcline occurs as fairly large, subhedral 
grains and as smaller anhedral grains. Perthitic microcline 
has a texture similar in appearance to tension-gash filling. 
Occasional myrmekitic grains are associated with microcline. 
Biotite and muscovite are fine-grained and occur as clotted 
aggregates distributed along faint foliation planes. Zircon, 
sphene, apatite , and iron ore are associated with biotite. 
Sparsely distributed anhedral grains of garnet, half 
replaced along fractures by chlorite, are associated with 
biotite . 
A-2 
3372 Adame lite 139°34' Kalkadoon 
This is a pinkish-grey gneissoid rock with a pronounced 
shear-foliation. The essential minerals are quartz and 
microcline. Feldspar occurs as augen 3 to 12 mm long 
generally enveloped by quartz . Mica is concentrated along 
shear planes and s hows some alignment. In thin section, 
quartz, microcline, plagioclase and myrmekite form an 
allotriomorphic granular groundmass surrounding perthitic 
microcline augen. The augen are fresh and are typically 
rimmed with myrmekite, and contain plagioclase grains. 
Plagioclase is saussuritized. Biotite, muscovite and 
epidote outline the foliation. 
3373 Granite Sybella 
This is a pinkish-mauve porphyritic granite composed 
of large (up to 4 cm) composite tabular K-feldspa r phenocrysts 
surrounded by allotriomorphic granular quartz, plagioc lase 
and K-feldspa r . The r ock is obviously foliated with 
alignment of clots of medium-grained biotite and imperfect 
alignment of phenocrysts. Scattered, subhedral to euhedral 
grains of ilmenite up to one cm in diameter characterize 
the rock. In thin section, quartz appears moderatel y 
strained. Microcline phenocrysts are perthitic. Plagioclase 
A-J 
is saussuritized but has some fresh zones. Biotite is 
fresh and is occasionally associated with 'vermiform' 
muscovite. Allanite (metamict), sphene, ilmenite, zircon 
(zoned), apatite and abundant fluorite are associated with 
biotite. 
3374 Granite 20°39, 139°23' Sybella 
This is a grey porphyritic foliated granitic rock 
composed of sub-rounded K-feldspar phenocrysts set in a 
granular finer-grained matrix of quartz, plagioclase 1 
K-feldspar and biotite . Phenocrysts are 1.0 to 1.5 cm in 
diameter and are randomly oriented. Groundmass curves 
around the phenocrysts in schistose fashion. In thin 
section microcline phenocrysts are perthitic and contain 
inclusions of plagioclase. Plagioclase is saussuritized 
in the cores but has fresh rims. Fresh brown biotite and 
blue-green amphibole are dispersed evenly throughout the 
groundmasso Sphene, apatite and fresh, zoned zircon are 
associated with biotite. 
3375 Granite Sybella 
This is a pink foliated granite which is 
allotriomorphic - granular and which, though not porphyritic, 
A-4 
exhibits a wide range of grain size (< 1 mm to 10 mm). 
Fine-grained leucocratic lenses are distributed throughout 
the rock 9 aligned with the foliation. Quartz, plagioclase 
and K-feldspar are essential minerals. Flattened clots of 
~ 
medium to fine-grained biotite are irregularly distributed. 
In thin section quartz is predominant. It replaces 
plagioclase and microcline and occurs in myrmekite. A 
finer allotriomorphic groundmass of microcline, plagioclase 
and quartz has semi-graphic (?remobilized) quartz intergrown. 
Microcline occurs as medium-grained, equant, anhedral grains 
and as larger compound grains. Plagioclase is slightly 
saussuritized, but relatively fresh . It is commonly rimme d 
with more albitic feldspar . Brown biotite (slightly 
chloritized) is intergrown with muscovite, apatite, and 
zircon . Vermiform quartz and fluorite replace both micas. 
Zircon is fresh, zoned and has an inner, rounded nucleus. 
3376 Adamellite 139°39' Kalkadoon 
This is a flesh-coloured, medium-grained granitic rock 
composed of quartz , plagioclase and K-feldspar. The texture 
appears even-grained, allotriomorphic-granular but it is 
almost porphyritic. In thin section, moderately strained 
quartz forms polygonal aggregates interstitial to feldspar. 
A-5 
Plagioclase is medium to coarse grained and is saussuritized 
e cept for an outer rim. Some grains are riddled with 
quartz in myrmekitic fashion . Large microcline grains 
are sligh ly perthitic; some are strainedo Some contain 
inclusion of plagioclase, quartz, mica and groundmass 
microcline. Bioti e (slightly chloritized) and muscovite 
occur as ragged aggregates interstitial to quartz and feldspar. 
White mic, calcite and epidote are associated with altered 
plagiocl se . Sphene and zircon are inconspicuous. 
3377 Granodiorite Kalka do on 
This is a grey, coarse porphyritic rock with large (up 
to 4 cm) subhedral K-feldspar phenocrysts set in a 
medium-grained matrix of quartz, plagioclase and K-feldspar. 
Plagioclase is 'peppered' with included biotite. Biotite 
is distributed widely as fine-grained, ragged interstitial 
agg egatesQ n thin section, quartz occurs as large 
composite grains; as small granular aggregates; and as 
myrmekitic intergrowth with K-feldspar and plagioclase. 
Large microcline phenocrysts contain parallel zones of 
myrmek"te plus associated chlorite. Medium-grained, equant 
plagiocla e is included within microcline phenocrysts. Both 
perthite and antiperthite are present. Hornblende is 
I 
replaced by b iotite and epidote . 
a e assoc i ated with b iotite. 
3378 Granodiorite 
A-6 
Sphene, zircon and apatite 
Kalkadoon 
This is a mottled, pinkish porphyritic rock composed 
of pink K-feldspar phenocrysts (1 to 3 cm long) set in a 
matri of allotriomorphic granular quartz, plagioclase , 
K-feldspar and biotite. In thin section, quartz occurs as 
large, strained composite grainso It replaces K- feldspar. 
Phenocrysts of K-feldspar contain 'tension gash ' perthitic 
intergrowth of plagioclase. Plagioclase is phenocrystic 
and is gener ally saussuritized . Some grains ha v e bent twin 
lamellae . Biotit e is partially altered to chlorite. Epidote, 
muscovite, sphene, zircon and apatite are associated with 
biotite . Sphene occurs as large, equant, subhedral grain s . 
Zircon is present as two generations; one fresh, the other 
me ami t a nd relative ly coarse. 
337 9 Adamellite Kalka do on 
This is a grey, medium- grained rock composed of quartz, 
plagioclase and K- feldspar. The texture is allotriomorphic-
granular. Fine grains of biotite are scattered evenly 
throughout. In thin section, quartz is strained and has a 
I 
A-7 
wide range of grain size. It replaces microcline. The 
latter exhibits fracturing and dislocation with apparent 
'healing' by quartz. ' Tension gash' plagioclase forms 
perthitic intergrowths with microcline. Plagioclase is 
saussuritized except for unaltered rims. Some grains are 
zoned; some are bent and /or fractured . Biotite is slightly 
chloritized and exhibits kinked deformation structures . 
Apatite 9 sphene, zircon, fluorite and iron ore are 
associated with biotite. Sphene occurs sparingly as coarse 
grains. Zircon is present as coarse metamict grains and as 
finer, zoned fresh grains. 
alteration rims. 
3380 Adamellite 
Iron ore has thin leucoxene 
Kalkadoon 
This is a grey, medium-grained, slightly foliated rock 
composed essentially of quartz, plagioclase and K-feldspar. 
The texture is allotriomorphic-granular. Biotite is evenly 
distributed throughouto In thin section, quartz occurs as 
irregular to polygonal grains with a wide range of grain 
size . Plagioclase (zoned) occurs as large, irregular, 
equan grains and as small rounded interstitial grains. 
Both t pes are somewhat altered to sericite (paragonite ? ), 
epidote and calci e . Microcline forms grains up to 1 cm 
J 
in length. Biotite is present in two generations; (a) as 
gged, greenish-brown grains containing intense pleochroic 
haloes around zircon grains, and (b) as smaller, subhedral 
reddish-b own grains somewhat aligned with the foliation. 
Muscovite is associated with biotite, generally exhibiting 
vermiform replacement by quartz. Generation (b) biotite 
i partially eplaced by chlorite. Apatite, sphene and 
zircon a e associated with biotite. Zircon is abundant 
occurring as rounded to euhedral, zoned grains; some 
metamict 1 some fresh. Trains of small, rounded zircons 
aligned parallel to the foliation are evident. 
3381 Granite Sybella 
This is a fleshy-pink, non-foliated, porphyritic rock 
composed of equant K-feldspar phenocrysts (1.0 - 1.5 cm in 
diameter) set in a fine-grained matrix of quartz, plagioclase 
and K-feldspar. Phenocrysts have overgrowths which are 
defined by a zone of graphic quartz intergrown at the 
core-rim boundary . Biotite occurs as ragged fine-grained 
agg egates. Abundant subhedral, smoky grains of quartz two 
to six mm in diameter characterize the rock. In thin 
section, quartz occurs as ragged grains with a wide range 
of grain size; larger grains exhibiting subhedral developmento 
There is ubiquitous graphic intergrowth of quartz with rims 
A- 9 
of perthitic microcline phenocrysts. Some myrmekite is 
present. Plagioclase occurs as medium-sized to large grains, 
somewhat saussuritized, which have been partially replaced 
by quartz and fluorite. 
K-feldspar phenocrysts. 
Some grains are included within 
Soda amphibole, biotite (slightly 
chloritized), sphene, zircon, allanite and iron ore are 
associated. Biotite appears to have replaced amphibole. 
Sphene occurs as ragged grains intergrown with biotite and 
replacing iron ore. Zircon is scarce but exhibits zoning -
three prominent zones. Most grains are somewhat metamict. 
Allanite occurs as subhedral, metamict grains. 
3382 Adamellite 20°45, Sybella 
This is a light grey, medium-grained rock composed 
essentially of quartz, plagioclase and K-feldspar. The 
texture is allotriomorphic-granular. Fine-grained brown 
biotite is evenly distributed throughout the rock. In thin 
section, relatively large, ragged 'poikilitic' aggregates 
of quartz surround microcline and plagioclase. Quartz 
appears to have replaced both feldspars. Some myrmekite is 
present. Microcline is fresh: some is perthitic e Plagioclase 
is considerably altered to saussurite. Biotite is ragged 
and is replaced by muscovite, epidote and chlorite. 
A-10 
338 Granite 20°39 , Sybella 
This is a pink po phyritic granitic rock which contains 
slightly rounded K-feldspar phenocrysts up to 1 . 5 cm long 
set in an allotriomorphic-granular groundmass of quartz, 
plagioclase and K-feldspar . In thin section, quartz and 
feldspar in the groundmass appear to be replaced by quartz, 
intergrown in subgraphic form . Some myrmekite is present . 
Microcline occu s as equant, anhedral grains and as large 
compound grains . Plagioclase is heavily saussuritized 
except for the outer rims . Some plagioclase is included 
within microcline phenocrysts . Hornblende, biotite and iron 
ore are relatively a bundant . Biotite has replaced hornblende. 
Sphene is abundant and is associated with biotite . 
is fresh, but zone d . 
Zircon 
379 Hybrid ized Adamellite 139°47' Kalka do on 
There is no hand specimen available for description. 
In thin section, the rock is comp osed of quartz, plagioclase 9 
pe thitic K- feldspar, and abundant biotite and chlorite. 
There is ample evidence for shearing given by granulation 
of quartz, di tortion of grains and alignment of sericite. 
Qu rtz occurs as relatively large, ragged grains 'shot-
through' with minute inclusions . Plagioclase is strongly 
A-11 
sericitized except where it is in contact with K-feldspar. 
The latter appears to have replaced plagioclase. K-feldspar 
occurs as equant, subhedral grains; somewhat sericitized. 
Biotite and chlorite are intimately associated forming 
large , ragged aggregates. Rutile, apatite and zircon are 
associated with the mafic minerals . 
586 Granite 139°12 1 Sybella 
There is no hand specimen to be described. In thin 
section, the rock is composed of quartz, perthitic microcline , 
plagioclase, sodic amphibole, biotite and accessory minerals . 
Quartz ocr.urs as large, subhedral grains; small poly gonal 
grains; and skeletal grains graphically intergrown with 
feldspar . 
cm long . 
Microcline occurs as subhedral phenocrysts 1- 2 
It is somewhat sericitized. Plagioclase occurs 
as partly saussuritized, phenocrysts and as smaller , 
interstitial grains; some enclosed within microcl i n e . A few 
grains have been completely replaced by quartz, in which 
the form of albite twinning has been preserved. Hornblende 
and biotite are associated; the latter partially replacing 
the fo r mer. Poikilitic grains of quartz are inte r grown 
with hornblende. Biotite appears to have two generations. 
A-1 2 
The older chloritized material is replaced by small i re h 
bro n bioti~e grains oriented parallel to the cleavage. 
phene al o occurs as rim replacement of iron oreo Apatite 9 
zircon , luorite, allanite and iron ore are associated with 
mafic minerals~ Zircon is fresh to metamict. Three zones 
are apparent; an inner rounded nucleus, an intermediate 
subhedral zone 9 and a euhedral rim . 
3383 
3385 
3386 
Mic ogranite 
II 
20°311 , 
20°39 , 
20°34 ' 
139°25' 
139°22 ~' 
139°21 1, 
Sybe lla 
II 
II 
These sample are very similar in texture and composition 9 
and are described as one . 
This is a pink, medium-grained 9 leucocratic rock which 
has a syenitic appearance . The texture is hypidiomorphic-
granular whereby tabular K-feldspar and plagioclase grains 
a e set in a quartz matrix. Biotite/chlorite aggregates 
are sparsely distributedo In thin section, quartz surrounds 
and appears to have replaced feldspar. Graphic intergrowth 
is commono Microcline contains an even 'dusting ' of 
et emely ine~grained ?sericite, except for outer clear 
rims . Many gains contain a core of altered plagioclase wi t h 
diffuse boundary between the two phases. Plagioclase i 
• 
A-13 
somewhat saussuritized. Biotite is almost completely 
chloritized . Sphene, apatite, fluorite and iron ore are 
accessory. Zircon is inconspicuous. 
3387 Microgranite 20°48 ' 139°25, Sybella 
This is a pink, medium-grained, foliated rock composed 
of quartz , plagioclase and K-feldspar. The texture is 
allotriomorphic-granular . In thin section, quartz appears 
to have replaced feldspar and tends to occur as dispersed 
' poikilitic' grains (from optic orientation) aligned with 
the foliation. Plagioclase (slightly saussuritized) is 
zoned and is intergrown with vermiculitic quartz. Biotite 
is fairly abundant and is associated with muscovite. 
subhedral iron ore, zircon and apatite are accessory. 
Fresh, 
3388 Monazite 20°4 9' 139°26, Sybella 
See Chapter 6 , p . 145. 
3389 Pegmatitic Feldspar 20°48~' Sybella 
The feldspar is fresh perthitic microcline containing 
well-segregated lamellae of albite, plus occasional grains 
of muscovite . The sample was taken from the Beryl King 
prospect . 
Tuff Marker Beds: (GA os. 2301? 2310, 2311, 2315 
2 321, 33929 3393? 3394, 3395, 
2319, 
3396): -
A-14 
The Tuff Marker Beds were sampled within the Mount Isa 
Mine .. o significant ifferences between tuff samples 
are apparent in the present collection. Thus, only a 
general description is given. 
The tuff marker beds are, as a group , composed of 
microcrystalline, dense, light to dark grey rock that 
breaks with a cherty fracture. A wetted slab shows fine 
bedding planes. Many samples appear to be composed of 
lenses of pyritized material aligned with the bedding planes 1 
set in a itroclastic matrixo Very fine - grained pyrite 
(and utile) outlines the lenses. Most lenses conta in 
relatively little carbonate with respect to the matrix . 
They may represent flattened lapilli deposited with the tuff 
or they may be intraformational material; soft mud fragments 
deri ed from underlying shale (mud) beds, or concret ionary 
balls of tuff. Cross-fractures are filled with quartz , 
pyrite and dolomite plus a minor amount of chlorite that 
appears to be a product of reaction of quartz (+ alumina) 
with pyriteo Fine-grained dolomite intergrown with the 
tuff occurs in variable amount from sample to sample .. 
A-15 
3397 Meta-basalt 20°43, 139°32 1 Eastern Creek 
This is a green fine-grained amygdaloidal rock composed 
of plagioclase, actinolite, epidote, chlorite, quartz, 
calcite and iron ore9 Amygdules are 1/4 to 1/2 inch in 
diametero Ac±inolite appears to be pseudomorphous after 
original pyroxeneo Plagioclase is ?albitic and shows no 
trace of sharp, normal or oscillatory zoning. However 1 it 
occurs in ophitic to subophitic intergrowth with 
actinolite; a typical texture of medium-grained basalto A 
-
wide range in the size of plagioclase grains suggests that 
some are phenocrystss Epidote occurs as scattered, smallf 
subhedral grains and as sheaf-like prismatic aggregateso 
Iron ore occurs as subhedral grains partly replaced by 
granular sphene. Chlorite is widely scattered as contorted 
lenticular colloform aggregates and as subhedral grains. 
It is a common component of amygdules. Polygonal aggregates 
of quartz and coarse grains of calcite form the bulk of 
amygdules. Albite is frequently a component, occurring as 
granular to feathery aggregates associated with quartzo 
Albite appears to be a reaction rim of amygdules, produced 
during replacement of basaltic groundmass by quartze 
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3398 Amphibolite Eastern Creek 
Th "s is a medium-gr ained rock in which amphibole grains 
e strongly aligned . It is composed of albite, hornblende, 
quartz and iron ore, all of which are very fresh . Hornblende 
occurs as subhedral o euhedral prismatic grains interg own 
with a polygonal a rray of quartz and feldspar. Iron ore 
is widely scattered as small to large subhedral grains . 
3399 Meta-basalt 20°39, 139°34' Eastern Creek 
This is a green porphyritic rock containing subhedral 
phenocrysts of plagioclase (two to five mm) surrounded by 
a fine - grained matrix of epidote 9 albite, chlorite, actinolite 
and iron ore. Epidote is scattered widely as fine granula r 
to subhedral grains. Actinolite and chlorite are associated 
forming an almost continuous matrix. Quartz is present as 
scattered anhedral grains or aggregates. Iron ore is 
largely altered to leucoxene. Throughout the chloritic 
groundmass, small grains of biotite appear to ha ve developed 
by way of progressive metamorphism. 
3400 Meta-basalt 20°39, 139°34' Eastern Creek 
This is a dense, green rock composed of epidote, albite, 
chlorite, actinolite and iron ore. The whole is intergrown 
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in a e y comp ct manner esembling the groundmas of 
3399 0 
3 01 Meta-basalt 139°33' Eastern Creek 
This is a green medium-grained rock composed o 
epidote, albite~ chlorite~ actinolite, quartz and iron ore. 
umerous tourmaline grains are scattered throughout . 
Plagioclase occurs as single and compound, tabular grains 
associated with actinolite . Ep idote and quartz are 
as oci ted o Chlo ite is associated with actinolite . 
o e occur · as anhedral grains altered to leucoxene on 
the rimso 
Iron 
3402 Meta-t achyba alt 20°431' Eastern Creek 
This is a grey-green porp hyritic rock which contains 
elongate, tabular plagioclase phenocrysts up to one cm long 
set in a medium to fine grained groundmass of epidote 
chlorite 1 albite, actinolite, quartz and iron oreo Epidote 
widely scattered as anhedral groundmass o Chlorite occurs 
as scattered groundmass and as relatively large, lensoid 
aggregates~ perhaps arme d from interstitial glass. Small 
grains of biotite are scattered within chlorite aggregatese 
The rock ·s characterized by very long, fragile feldspar 
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laths and iron ore and apatite grains. The grains are bent , 
fractured, and dislocated but preserve evidence of an 
unusual crystallization environment. Groundmass feldspar 
appears skeletal. Iron ore is partially altered to 
leucoxene. 
APPENDIX B 
PREPARATION AND PURIFICATION OF REAGENTS 
This appendix describes the preparation and 
purification of all reagents used in the chemical treatment 
-
of samples prior to mass spectrometry. The reagents are 
listed as follows: 
1. Water - demineralized H2 0 was doubly distilled in 
pyrex. 
2. Hydrochloric acid - Analar reagent grade 6N HCl was 
distilled in pyrex. Dilution with distilled H2 0 gave 
a 2% HCl solution. 
J. Nitric acid - Analar reagent grade HNOJ (s.G. = 1.42) 
was distilled in pyrex. 
4. Ammonia gas - NHJ gas (Matheson Co., reagent grade) 
was passed through a filter before use. 
5. Ammonium hydroxide - a concentrated solution of 
NH4 0H was prepared by bubbling ammonia gas into 
distilled water. 
6. Ammonium nitrate - a 2% solution of NH4No 3 was prepared 
by adding ammonium hydroxide to the purified dilute 
nitric acid solution. 
7. Ammonium acetate - an aqueous solution of 2% ammonium 
acetate was prepared by adding ammonia gas to distilled 
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glacial acetic acid. The solution was adjusted to 
pH J.4. 
8 . Chloroform - Analar chloroform was distilled in pyrex. 
9. Ethanol - Analar ethanol was distilled in pyrex. Seven 
parts ethanol plus three parts water gave a 70% 
(approximate) solution. 
10. Hexane - Analar hexane was distilled in pyrex. 
11. Dithizone - A stock solution of dithizone was prepared 
by dissolving JO mgm of dithiocarbazone in 500 ml of 
chloroform. The solution was stripped of Pb by_ shaking 
with 2% HCl. Aliquots from the stock were shaken with 
2% HCl shortly before use. 
12 . Oxalic acid - a 10% aqueous solution of oxalic acid 
was prepared and purified by ion exchange using a 
column of Dowex 50w XS 200/400 mesh cation exchange 
resin. 
lJ. Phosphoric acid - a 1% phosphoric acid solution was 
prepared by heating P pentoxide and driving the vapour, 
in a stream of oxygen, through a silica frit and into 
a flask containing distilled water. Airborne 
sublimate and vapour dissolved rapidly. 
14 . Aluminum nitrate - a solution of Al nitrate, water and 
nitric acid in the proportion, 1000:425:75, was 
prepared, filtered and three times shaken for five 
minutes with hexane. 
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15 . Ammonium nitrate - a saturated solution of ammonium 
nitrate (800 gm in 500 gm H2 0) was prepared, filtered 
and shaken once with hexone . 
The remaining reagents were purified by solvent 
extraction of Pb . Lead is extracted from the aqueous phase, 
adjusted to about pH 9 to 10 (Sandell, 1950, p.95), by 
vigorous shaking with dithizone solution. A fresh aliquot 
of dithizone was added after the previous aliquot had been 
shaken, allowed to settle and discarded. This was repeated 
until Pb dithizonate ceased to form (i.e. the dithizone 
remained green) . The aqueous solution was flushed of 
dithizone by shaking with numerous fresh aliquots of 
chloroform. 
16 . Ba nitrate solution - a saturated, aqueous solution 
of Ba nitrate (about 8 gm Ba(No 3 ) 2 per 100 gm H2 0) 
was prepared and filtered. The solution was made 
alkaline and shaken with dithizone. 
17 . Borax - Na tetraborate was dissolved in water, filtered, 
made alkaline with ammonium hydroxide, and shaken with 
dithizone . The purified solution was evaporated to 
a crystalline residue of hydrated tetraborate for 
storage. 
18 . K oxalate - a saturated aqueous solution of K oxalate 
(about 25 per cent by weight) was prepared, filtered, 
m e alkaline with K hydroxide and shaken with 
dith · zone. The purified solution was made acid 
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(pH = J) to pre ent Fe hydroxide f rom forming i n future 
precipitations. 
19. Ammonium citrate - a JO% aqueous solution of tri-basic 
ammonium citrate was prepared, filtered and shaken with 
dithizone. 
2 0. K c y anide - a saturated aqueous solution of K cyanide 
was prepared, filtered and shaken with dithizone. 
A 10% st o ck solution was stored and a .05% solution 
as prepared by dilution whenever needede 
APPE D C 
CHEMICAL R A MENT OF WHOLE-ROCK SAMPLES 
A . Dissolution 
1 . Weigh 2 o 4 gms of powdered sample into two 
tared 250 ml pla num dishes . 
2 . et the sample with distilled water and add 25 ml 
of L~8% HF. Stir vigorously with a te lon stirring rod for 
two minutes . Cover and let stand overnight . 
J. Place each dish (using platinum-tipped tongs) in 
an evaporation tank (see Chow and McKinney, 1958) on a hot 
plate and evaporate just to dryness. The canted lid allows 
condensate to run down to a drain spout. A continuous flow 
of filtered dry nitrogen aids evaporation. The rate of 
flow required for effective aid, however, makes an excessive 
demand on bottled nitrogen . Well-filtered compressed air, 
hough not dry, provides a high flow rate which is virtually 
ne haustible . 
4 . 1 et the residue with water, add 10 ml of HF plus 
25 ml of HClo4 and evaporate to a wet paste. Add 10 ml of 
H 104 and evaporate to a wet paste; add 25 ml of H2 0, stir, 
and evaporate to a wet paste; repeat . After two 
evaporations wi h wate most of the HCl04 should be removed 
lea ng a perchlo ate residue . 
5 . Add 150 ml of H2 0, stir and heat strongly for 15 
minutes to digest the residue . Carefully decant the 
solution into a 'collector' (see diagram) and rinse the 
dish with water,flushing the insoluble mineral residue 
into the 'collector'. The solution combined from two 
dishes should be about 400 ml volume. 
400 ml 
solution 
spout 
sponge rubber 
supporting wood 
block 
residues 
6. Centrifuge the solution, decant the supernate 
into a tared one litre beaker, transfer the residue into 
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a 25 ml platinum crucible using a micro-pipette, and rinse 
the collector. 
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7. Dry the residue at low heat, add borax sufficient 
to cover the bottom of the crucible and fuse the residues 
0 for half an hour at about 1000 C. 
8. Quench the bottom of the crucible (lid on) in water 
to fracture the fusion glass, dissolve the glass in 3N HCl, 
and add to the whole-rock solution. Stir to equilibrateo 
The solution should be about 500 ml volume. 
9. Take two aliquots: about 2/5 of the total into a 
400 ml beaker for the U-Th determination: about 1/5 into a 
250 ml beaker for the spiked Pb determination. 
parafilm and store. 
B. Isolation of Lead 
Cover with 
1. Place the beaker under cover on a hot plate and 
evaporate the solution to dryness. Bake the perchlorate 
residue until fuming ceases. 
2. Add 200 ml of concentrated HN0
3 
(100 ml for the 
spiked aliquot). Some of the residue remains as a 
deliquescent material (a great amount with basic rocks). 
Although some Pb is lost, it is desirable to centrifuge 
and discard the residue. 
3. Add 4 ml (3 ml for the spiked aliquot) of saturated 
Ba( o
3
) 2 solution dropwise, to co-precipitate Pb(No 3 ) 2 o 
Constant stirring increases the efficiency of the 
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7. Dry the residue at low heat, add borax sufficient 
to cover the bottom of the crucible and fuse the residues 
0 for half an hour at about 1000 C. 
8. Quench the bottom of the crucible (lid on) in water 
to fracture the fusion glass, dissolve the glass in 3N HCl 1 
and add to the whole-rock solution. Stir to equilibrateo 
The solution should be about 500 ml volume. 
9. Take two aliquots: about 2/5 of the total into a 
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B. Isolation of Lead 
Cover with 
1. Place the beaker under cover on a hot plate and 
evaporate the solution to dryness. Bake the perchlorate 
residue until fuming ceases. 
2 . Add 200 ml of concentrated HN0
3 
(100 ml for the 
spiked aliquot). Some of the residue remains as a 
deliquescent material (a great amount with basic rocks). 
Although some Pb is lost, it is desirable to centrifuge 
and discard the residue. 
3. Add 4 ml (3 ml for the spiked aliquot) of saturated 
Ba( o 3 ) 2 solution dropwise, to co-precipitate Pb(No 3 ) 2 a 
Constant stirring increases the efficiency of the 
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co-precipitation. Centrifuge and discard the supernate. 
Suck of the remaining free liquid with a pipette. 
which should have been oxidized in the acid, will be 
contained in interstitial liquid in the precipitate. 
Iron, 
4 . Dissolve the nitrates in a minimum of water and 
add sufficient (about 5 ml) Kc 2o4 solution to co-precipitate 
Ba and Pb oxalates. Centrifuge and discard the supernate. 
Ferric oxalate, which is soluble, is thus discarded. 
Wash the precipitate (with the aid of a stirring rod) two 
or three times with 10 ml of 70% ethanol. The white _ 
precipitate should now contain no trace of yellow. 
5e Dissolve the oxalates in 20 ml of hot ammonium 
citrate solution, decant into a 125 ml separatory funnel 
and add 5 ml of 10% KCN solution. The pH should be ~ 9 
so that when shaken with 5 ml of dithizone solution 
(concentration 60 µgm/ml), Pb, Th and Bi ( +++ and Fe , if 
present) are extracted . Add fresh lots of dithizone, first 
draining the previous lot, until no colour change is 
observed . 1 Drain into a dry beaker leaving interfacial 
material behind . 
1Aqueous phase included as droplets gradually separates 
and adheres to the walls of a beaker that has not been 
wetted (G.R. Tilton, personal communication through 
J.R. Richards). 
6. Discard the aqueous, thoroughly rinse the funnel, 
add 10 ml of 0.05% KCN solution, tip in the dithizonate 
solution and shake for JO seconds. Thallium is removed 
from the organic phase. Drain the dithizonate solution 
into a dry beaker. 
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7. Discard the aqueous, thoroughly rinse and dry the 
funnel, add 10 ml of ammonium acetate solution (pH= J.4), 
tip in the dithizonate solution and shake for JO seconds. 
Lead is stripped from the organic phase; Bi remains. 
Drain the organic phase (plus interfacial material) and 
wash the aqueous phase by shaking with three lots of 
chloroform. 
8. Adjust the acetate solution to pH 9 with ammonium 
hydroxide and shake with dithizone. Determine the 
approximate quantity of Pb by titration (unnecessary for 
spiked aliquot) as a guide for spiking. Drain the organic 
phase into a dry beaker. 
9. Discard the aqueous, thoroughly rinse the funnel, 
and shake the Pb dithizonate with 10 to 15 ml of 2% HCl. 
Adjust the solution to pH 9 and re-extract the Pb into 
dithizone. 
10. Repeat 9. twice more. This procedure 'washes' the 
Pb dithizonate of impurities which are strongly partitioned 
into the aqueous phase. 
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11. Take t he Pb back into 10 ml of 2% HCl and wash 
with chloroform five times to remove any trace of dithizone. 
Drain the acid into a 10 ml beaker and evaporate to 
dryness on a hot plate. Add several drops of concentrated 
HNOJ and evaporate to dryness to convert the chloride to 
nitrate. Repeat twice more. 
0 12. Place the beaker in an Al blockand bake at JOO C 
to volatilize ammonium nitrate. Cool, and add several drops 
of concentrated HNOJ (one drop of concentrated HClo
4 
may 
be added also). Tilt the beaker to localize the residue, 
and evaporate to dryness. 
13~ Add one drop of N/10 HNOJ to the beaker, thoroughly 
wet the bottom of the beaker, and, with a micro-pipette, 
transfer the liquid to a micro-centrifuge tube. 
14. Add one drop of 10% oxalic acid solution to 
precipitate Pb oxalate (precipitation is aided by swirling 
the liquid using a 'Whirler-Mixer'). Centrifuge, and discard 
the supernate. Wash the precipitate six times with three 
to four drops of 70% ethanol, each time swirling, 
centrifuging, and sucking off the supernate with the 
micro-pipette. 
15 . Finally, add one drop of water, swirl and 
centrifuge. Place a small drop of 2% ammonium nitrate 
centrally on a rhenium filament and evaporate to drynes s 
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(by passing a current through the filament). Suck up the 
Pb oxalate in a minimum of water and place it on the 
filament . E aporate to dryness and barely fuse the 
ammonium nitrate so that it cements the oxalate to the 
filament. The sample is now ready to load into the mass 
spectrometer. 
C. Isolation of Uranium and Thorium 
1. Uranium and Th are treated as one during chemical 
extractiono After spiking, the solution is heated strongly 
(but not boiled) for 15 minutes to expel dissolved CO 2 and 
o equilibrate the spike. Ammonia gas (passed through 
two filter frits) is bubbled into the hot solution to 
precipitate hydroxides of Fe, Mg, Al, Ca, etc., plus U and 
Th. 
2 . After centrifuging, the supernate is discarded and 
he last liquid is removed with a micro-pipette. Prolonged 
centrifuging compresses the precipitate, expelling most of 
the liquid. 
J. Dissolve the precipitate in a minimum of concentrated 
HN0 3 , add to 40 ml of Al citrate solution in a 125 ml 
separatory funnel, and shake with 50 ml of hexone for five 
minutes. Allow the two phases to separate for several 
hours. Uranium and Th are partitioned into hexone by a 
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' salting-out' ef ect8 Occasionall , an emulsion forms 
which breaks down gradually. 
4. Drain the nitrate solution and pour the hexane out 
the top of the funnel into a dry, 100 ml beaker. Rinse 
the funnel and shake the hexane for JO seconds with 10 ml 
of water. Uranium and Th are back-stripped into water. 
Evaporate just to dryness on a hot plate. 
5 . Dissolve the residue in 10 ml of saturated ammonium 
nitrate solution and shake for five minutes in a JO ml 
eparatory funnel with 10-15 ml of hexane. Uranium (about 
90%) and Th (about JO%) go into the hexane. The purpose 
of this step is to minimize the amount of Al that is carried 
through from the Al nitrate . 
6. Shake the hexane for JO seconds with 10 ml of water, 
allow to separate, and drain the water (containing U and Th) 
into a 10 ml beaker. Evaporate to dryness on a hot plate. 
Add several drops of concentrated HNOJ and evaporate to 
dryness to destroy any organic matter. 
7. Add one drop of water to the beaker, thoroughly wet 
the bottom, and transfer the liquid to a micro - centrifuge 
tube . Add one drop of 2% ammoniacal ammonium nitrate and 
one drop o 1% phosphoric acid. Swirl the liquid and 
heat in a water bath until a precipitate of U and Th 
phosphate forms . 
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8. Centrifuge, di card the supernate, and wash six 
times with 70% ethanol . Load the precipitate in a minimum 
of wate onto both side filaments of a triple filament 
bead and e apo ate to dryness . The sample is now ready to 
be loaded into the mass spectrometer . 

